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PREFACE 


This book is the basis of the lectures which I gave as 
George Fisher Baker Non-Resident Lecturer in Chemistry 
at Cornell University during the second semester of 1330-31. 

I should like to express my warmest thanks to the staff 
of the Baker Laboratory for the cordial kindness with 
which they received me. To Professor L. M. Dennis I owe 
a special debt of gratitude for all his kindly help, and the 
trouble he took to make my visit easy and pleasant. To the 
members of the Cornell Branch of the Telluride Associa¬ 
tion I am more indebted than I can say for their hospi¬ 
tality and their friendship during the last half of my stay 
at Ithaca. 

In the preparation of the book I have to thank many 
friends on both sides of the Atlantic for their assistance and 
advice, and especially Mr. E. J. Bowen, of University Col¬ 
lege Oxford, who has helped me with the spectroscopic 
methods and with the calculation of the heat data: Dr. 
L. E. Sutton, of Magdalen College Oxford, with whom I 
have discussed in detail the chapter on electrical dipole 
moments: Professor J. R. Johnson, of Cornell University, 
who has read the book in proof and made many useful sug¬ 
gestions: and Mr. L. G. Davy of Cornell University who 
has helped me in removing obscurities and in verifying 
references and calculations. 

The book itself is an attempt to set out the methods of 
measurement of some of the more important properties of 
non-ionized links, and to discuss the results so far obtained. 
The subject is advancing so rapidly that even while the 
book was printing new methods have been evolved, and a 
mass of new data has accumulated. I have tried to include 
the more important researches bearing on these questions 
which have appeared up to the summer of 1932., and a few 
later ones of special interest. In such a subject no finality 
is possible; but it seemed to me that it is precisely while a 
subject is rapidly growing that a review of the methods 
and results is of service. 


Lincoln College 
Oxford 

December 193 z 


N. V. SlDGWICK 



INTRODUCTORY LECTURE 
The Relation or Physics to Chemistry 

I AM very grateful to Cornell University and to Professor 
Dennis for inviting me to join your staff as non-resident 
lecturer and for the kindness with which you have re¬ 
ceived me. It is a high honor to have one’s name added to 
the distinguished list of the Baker lecturers. A lectureship 
of the kind founded by Mr. Baker is, I think, of real 
service both to the hosts and to the guests. Francis Bacon 
gives as one of the three chief conditions of scientific 
progress “conjunction of labor’’, the intercourse of 
scientific men, whereby, as he says, “the frailty of man 
may be supplied.” With the progress of knowledge every 
branch of it becomes more specialized and yet at the same 
time more dependent on other branches, and the only way 
in which the workers in any laboratory can get a true 
sense of the values of the different kinds of chemical work 
which are being pursued all over the world is by inter¬ 
course with chemists from elsewhere. The benefit to the 
visitors is equally great, especially when it makes them 
acquainted with so admirable a laboratory and so dis¬ 
tinguished a staff of chemists as you have here. I also 
appreciate greatly the opportunity of studying your 
methods of teaching and administration; the only way to 
find out how a university works is to join its staff and 
take part in its labors. 

I have chosen “The Relation of Physics to Chemistry” 
as the subject of my introductory lecture, because it seems 
to me that there is none on which, in the present state of 
knowledge, it is more necessary that we should have clear 
views. While it is common to hear men deploring the in¬ 
crease of specialization, through which, they say, one 
scientific man can scarcely understand what another is 
doing, it is nevertheless true that the two great sciences 
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of chemistry and physics have now reached a point at 
which they are attacking identical problems. The task 
which we as chemists have before us is no light one; 
neither chemists alone, nor physicists alone, can solve the 
problems which face us. We must make use of every 
assistance that we can get, and the most powerful is that 
of physics. But if we arc to use this to the best advantage, 
we must understand clearly what it is, and in what ways 
it can help us. 

It is a commonplace that all knowledge is one; its 
division into separate sciences is an unfortunate necessity, 
arising not so much from the subject-matter as from the 
limitations of human capacity. The field is so wide that 
no one can command the wnole of it, and its students 
naturally break up into groups which concentrate on par¬ 
ticular provinces and evolve particular methods for dealing 
with them: This means in practice that the various 
branches differ quite as much in the methods of attack as 
in the problems attacked. Among the sciences concerned 
with non-living niatter, there are the three familiar divi¬ 
sions of mathematics, physics and chemistry. Mathematics 
deals with number, space and time, abstracted from all 
question of what it is that is numbered or what occupies the 
space; physics with the properties of matter, and pri- 
mariljr with those common to various forms of matter; 
chemistry with the properties of various forms of matter 
as related to their chemical composition. But these defini¬ 
tions, as you can see, arc very imperfect; in fact, no exact 
boundaries can be laid do^. Eacn science is crossing the 
frontiers of the next, and in recent ;^cars the interpenetra¬ 
tion has been very rapid. Mathematics is becoming physi- 
cized; the word ether, which, when I was young, was used 
to distinguish real or physical from ideal or mathematical 
space, has almost disappeared, not because the concept of 
ether has been abandoned, but because we are more inters 
ested in real space than in imaginarjr spaces that might 
exist. Space and time arc no longer independent entities, 
and for evidence of their interrelations we appeal not to a 
priori ideas, but to observations of the positions of stars 
and the wave-lengths of their light. 
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If the line separating mathematics from physics is 
blurred, that between physics and chemistry has van¬ 
ished. Both sciences are now examining the same problems. 
It is true that they use different methods, but they apply 
them to the same materials. It is therefore of fundamental 
importance for us as chemists that the light which the 
physicists throw on our problems should illuminate them 
for us as well as for the physicists. 

The distinction between different sciences depends on 
a tery obvious fact, that the simpler the problem you are 
examining the more precise is the knowledge you can 
acquire of it—^in philosophical language, the less the 
extension the greater the intension. The simplest, prob¬ 
lems of all are those of the mathematician. His materials— 
number, space and time—are uniform in behavior; he can 
isolate his problems from all outside interference. Hence 
he can state his results with the greatest cdtainty and 
accuracy, and carry his analysis to the greatest lengths, 
The physicist has a more complicated task; he has to take 
account of the differences in behavior of different forms of 
matter and of the small disturbances to which any actual 
system, however carefully isolated, is subject; and he must 
reckon with the imperfection of his measuring instruments. 
He is therefore often obliged to be content with approxima¬ 
tions to the truth. The chemist is faced with still greater 
complications. While the physicist can restrict his inquiry 
to simple systems and to the materials which he finds most 
tractable, the chemist is compelled to extend his work to 
all forms of matter, or let us say in the first instance to all 
pure substances. Having this great mass of material to 
handle, his knowledge of its behavior is necessarily less 
detailed, less accurate, less deducible from first principles 
than that of the physicist, and in a still higher degree than 
that of the mathematician. 

The series does not end with the chemist. The relation 
of the biologist to the chemist is like that of the chemist 
to the physicist, or of the physicist to the mathematician. 
He has to deal with structures elaborately built up of a 
variety of chemical substances, solid, colloidal and liquid; 
he can penetrate less deeply into these greater complexities. 
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The truth is that there is a scale of complexities from 
mathematics to biology— a. scale not involving any grada¬ 
tion of moral or intellectual merit; whichever step the 
man of science stands on, he can rebuke those on one side 
of him for neglecting the cpmplicating factors which af¬ 
fect all real phenomena, and those on the other for failing 
to see as deeply into the broader subjects of their inquiry 
as he himself does into his simpler problems. The accusa¬ 
tion is equally true and equally pointless in each case. What 
we need to learn is not the weaknesses of our allies, which 
are very like our own, but their strength; we must dis¬ 
cover in what ways they can be most serviceable to us. 

To this end we may briefly consider how physics has 
helped chemistry in the past. 

In one sense every chemical statement is also physical; 
it involves a physical background just as every quantita¬ 
tive statement of whatever kind involves a mathematical 
background. But apart from this general relation we can 
distinguish three periods in the historjr of chemistry as re¬ 
lated to physics. From the earliest times when any real 
chemical theory existed—which for practical purposes 
means from the promulgation of the atomic theory at the 
beginning of the nineteenth century^—down to about 1885, 
the chief service of physics to chemistry was the establish¬ 
ment of the existence, and the determination of the relative 
sizes, of molecules. Avogadro’s hypothesis was essentially 
physical and although chemists as a whole (Faraday is a 
marked exception) disregarded it for nearly forty years 
they lost heavily by doing so, and it was only when Can¬ 
nizzaro in the 50’s demonstrated its importance to chem¬ 
istry that a real knowledge of molecular composition— 
the necessary preliminary to a knowledge of structure— 
became possible. A little later, in 1874, came the definite 
physical proof of the soundness of the basis of the chemical 
molecular weights. These were all founded on the as¬ 
sumption that the molecule of hydrogen contained two 
atoms. Of this there was no positive evidence; the as¬ 
sumption was generally accepted because it was found to 
explain the facts; but it always remained possible that the 
hydrogen molecule contained four atoms, and that the 
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number of atoms in all molecules was twice as great as was 
supposed. In 1874 Kundt and Warburg measured the ratio 
of the specific heats of mercury vapor at constant pressure 
and constant volume, and showed that its molecule could 
not possibly contain more than one atom. It was already 
known that there were twice as many atoms in a molecule 
of hydrogen as in a molecule of mercury, and so the final 
proof of the truth of the molecular theory was supplied. 

For twenty-five years after Cannizzaro’s paper the 
energies of chemists were largely devoted to developing 
the new theory of chemical structure, and to building up 
on this foundation the great edifice of organic chemistry. 
On the inorganic side the recognition of Avogadro’s prin¬ 
ciple led to the assignment of the true atomic weights, and 
as soon as this had been effected the Periodic Classification 
necessarily and rapidly followed. 

Then came in 1885 the second great application of 
physics, the introduction of thermodynamics into chem¬ 
istry by van’t Hoff. The first investigations were indeed 
some thirty years earlier, and Willard Gibbs had already 
(1875-1878j published those far-reaching conclusions 
which were to prove so fruitful in chemistry and physics 
in later years. The main development, however, came 
from van ’t Hoff. He applied the methods of thermo¬ 
dynamics, based on the general principles of energy, to a 
broad range of chemical phenomena. The most immediately 
important application was to the behavior of dilute solu¬ 
tions. He realized the great suitability of osmotic pressure 
for thermodynamic treatment. By means of an ideal engine 
precisely similar to the classical heat engine of Carnot, but 
with a solution separated from the solvent by a partition 
permeable to the solvent alone, he was able to establish, 
on the experimental basis of Henry’s law of the variation 
of the solubility of a gas with the pressure, the relation 
between the molecular concentration and the osmotic 
pressure, and further the relation of this to more easily 
measurable properties of the solution, the lowering of the 
vapor pressure, the rise in the boiling point and the fall 
in the freezing point. He was also able to give a proof of the 
law of mass action, which had been established empirically 
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some twentj years before. These discoveries initiated the 
subject of chemical thermodynamics, which has guided so 
much of the later developments of the science; and they 
ultimately led, in the hands of Nernst and others of van’t 
Hoff’s successors, to the third law of thermodynamics 
and the chemical constants, and to those investigations of 
activity which are still in progress. 

Perhaps the most immediately important result of this 
work was the rise of the theory of electrolytic dissociation. 
Van’t Hoff had shown what was the normal behavior of a 
solution. Experiment proved that while many solutions 
behaved as this theory required, those of salts in water 
did not; and their abnormality was always of the same 
kind: the salt appeared to form more molecules in the 
solution than corresponded to its formula. The explanation 
was given (1887) by Arrhenius, who argued that just as 
the abnormally low molecular weights indicated oy the 
vapor densities of some gases were assumed and had been 
proved to be due to dissociation, so we must suppose that 
a salt dissociates in water; and since sodium chloride, for 
example, can dissociate only into its two atoms, and nor¬ 
mal sodium and chlorine atoms cannot exist side by side 
in water, it must form charged ions of the two elements, a 
conclusion su^orted hj the whole electrical behavior of 
the solution. The precise form which Arrhenius gave to 
the theory was, as we now realize, imperfect; but no one 
can doubt that by the recognition of a new kind of chemi¬ 
cal change, and of a type oimolecule peculiarly reactive, he 
gave an immense impulse to the development of chemistry. 

'The discoveries of van’t Hoff and Arrhenius were im¬ 
mediately followed by two events which are generally 
taken to mark the birth of physical chemistry as a primary 
division of chemistry, the call of Ostwald to Leipzig in 
1887, and the foundation in the same j^ear of the Zeitschrift 
fur fhysikaUsche Chemie. Ostwald was in the very first rank 
as a teacher, if not quite as an investigator, and he was 
indrfatigable in spreading the light of the new science, 
which yet was re^ly no new science but, as Nemst says,® 
rather the union of two previously separated sciences. The 

* W. Nemst, Theorctische Cbmie (ist. cd., Stuttgart, 1893). 
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work of the Leipzig school and their followers was largely 
along lines that had for many years been open for traffic, 
but had not been used; it consisted in making more precise 
the physical background which, as I said, underlies every 
chemical statement. The physical properties of chemical 
substances and their solutions, and the conditions of their 
reaction, were measured in detail, and the whole of chem¬ 
istry assumed a more quantitative aspect. In organic chem¬ 
istry the enormous variety of new compounds which it 
was found possible to prepare, and the wonderful success 
of the structural theory in classifying them, still gave its 
students plenty of occupation on the qualitative side; 
but here too the application of the new ideas to explain 
the behavior of organic compounds was undertaken by 
Hantzsch with the most illuminating results, and was ex¬ 
tended later with great effect by Dimroth and others. 

The most important developments of the new science 
were, however, on the lines of thermodynamics and of the 
ionic theory. It is a remarkable sign of the predominance 
of the thermodynamic aspect at this time that Ostwald 
actually proposed to abandon the idea of atoms altogether; 
he conceived that he had provided an alternative explana¬ 
tion of the laws of chemical combination, involving no 
atomic theory but substituting the concept of ‘ ‘ equivalent 
weight,” whose meaning was not subject to discussion. 
By the irony of fate, this doctrine of Ostwald’s was pro¬ 
pounded exactly at the time when the physicists began 
their triun^hant attack on the problem of the structure of 
the atom. Van’t Hoff had a truer insight into the funda¬ 
mental problem of chemistry. He pointed out® that all 
natural phenomena may be looked at from two points of 
view, the thermodynamical and the molecular or atom¬ 
istic. The nature of a thermodynamic argument is very 
peculiar. It is based on the fundamental principles of 
energy, which are as certain as anything we know in 
science. It lays down conditions of energy change to which 
a process must conform, granting certain external condi¬ 
tions, whatever its internal mechanism may be. This has 
the great advantage that, provided the deduction is 

> Van't Hoff, Lectures on Theoretical and Physical Chemistry (London, 1835), Vol. I, p. 12;, 
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carried out correctly, which in the simpler instances is 
not ,open to doubt, the conclusions are quite certain, 
and ^o not depend on the truth of any theory of the process. 
But for this reason it does not enable us to decide be¬ 
tween two rival mechanisms, provided they can both 
give the same energy result. In particular, it takes no 
account of the time; the ideal processes of a thermo¬ 
dynamic cycle occur reversibly, i.e. with an infinitesimal 
driving force, and hence would in fact require an infinite 
time. So while thermodynamics tells us what the result 
will be, it does not tell us how we get there or how long 
the journey will take. 

Of the immense importance of thermodynamics as a 
calculus there can be no doubt; it lays down conditions to 
which every true theory must conform, and thus eliminates 
many false ones; and it has further the great practical use 
of enabling us to determine a property which it is difficult 
to measure directly, by observing some thermodynamically 
related property which is more accessible, as when we de¬ 
termine the osmotic pressure of a solution by observing the 
change of its freezing point, or the heat of dissociation of 
a gas from the change of density with temperature. But 
it answers only half our question; it does not tell us what 
the molecules are doing in a chemical process; as Ostwald’s 
argument showed, it does not even involve the assumption 
that there are any molecules. For the proper development of 
chemistry, the thermodynamic side must be supplemented 
by the molecular-mechanical. 

At the time of which I am speaking, the latter years of 
the nineteenth centuryi, this second side of the matter 
could not be developed in great detail, because our knowl¬ 
edge of the molecule was so scanty. The relative masses of 
molecules and the number of atoms which they contained 
were known with accuracy; but for their absolute masses 
only the roughest approximations were available, and of 
the structure of the atoms and the mechanism which holds 
them together in the molecule, nothing was* known at all. 
The discovery of the electron in 1897 was the Jfirst proof 
that the atom had any parts. 
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In the year 1900—an easy date to rememt«sr- -came, the 
greatest revolution that physics has ever knowcu: the. 
discovery of the quantum by Planck; and this marts the 
beginning of the third period in the relations of physics to 
chemistry. Up to that time all physics had been based on 
what we now call the classical mechanics of Galileo aqd 
Newton. This theory had arisen from the observation of 
the motion of visible bodies on the surface of the earth— 
weights and pendulums—and had then been extended to 
the planets, and shown to be equally true of their motions. 
It had sustained the whole triumphant march of physics 
through the ensuing two centuries. It was universally 
assumed, and as it seemed with complete justification, that 
these principles, which had been shown to apply alike to 
the motions of pendulums and of stars, were equally ap¬ 
plicable to all kinds of matter, down to its smallest par¬ 
ticles. But towards the end of the last century difficulties 
had arisen in applying these principles to certain classes 
of phenomena, especially to those dealing with the rela¬ 
tions of radiation and matter. To give only one example: 
it could be shown on the classical mechanics that the 
energy of radiation must pass almost entirely into the 
shortest waves, so that the most intense radiations of a hot 
body should be in the far ultra-violet; while experiment 
showed that for ordinary hot bodies the maximum was 
in the far infra-red, and that even the light of the sun with 
a surface temperature of 6,000° has its greatest intensity 
in the yellow, as anyone can see by looking at it. 

To meet these difficulties Planck put forward the 
quantum theory, of which the essence is that the inter¬ 
change of energy does not take place continuously, but 
in separate steps or quanta, the size of which is not fixed 
like that of an atom, but is proportional—^for radiation, 
at least—^to the frequency of the oscillations or waves of 
which the energy consists. This theory, the truth of which 
has been completely established by the subsequent de¬ 
velopment of'physics, leads to a remarkable conclusion. 
It applies of course to all bodies large or small, but in its 
practical results it leads to one conclusion for large bodies 
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and another for small. The quantum itself is always, in 
comparison with quantities of energy that we observe in 
ordinary life, very minute. Thus of the quanta of yellow 
sodium light it would take lo^®—ten thousand million 
million—to heat a milligram of water one degree. It follows 
that when we are considering masses of matter and quan¬ 
tities of energy such as we can see or handle, the “steps” 
by which Planck replaced the continuous process of 
Newton are so small and so numerous as to make no prac¬ 
tical difference. Hence for the mechanics of all such 
“macroscopic” quantities of matter the new theory leads 
to the same results as the old. This is indeed to be ex¬ 
pected; the Newtonian theory has been verified for such 
bodies, and for them it is true; but for very small bodies, 
and especially for atoms, the steps become significant and 
the theory no longer holds. This is far from meaning that 
the new theory is of no practical importance. Our whole 
lives depend on processes which, although they occur with 
weighable quantities of matter, really depend on the simul¬ 
taneous occurrence of an enormous number of atomic 


interchanges of ^ergy, and these can only be intcipreted 
by means of the quantum theory. It is precisely in chemis¬ 
try that we have to deal with phenomena of this kind. 
The first direct evidence of the quantum theory, though 
of course it was not recognized as such at the time, is 
Dalton’s law of multiple proportions. The “ratio of two 
small nuinbers,” which we have to introduce in expressing 
this law, is the fundamental characteristic of the quantum 
theory. It was no accident, but a basic necessity, that made 
Ostwald’s attempt to eliminate the atom break down when 
he came up against the laws of multiple and reciprocal 
proportions. 

The recognition of the true mechanics of the atom was 
a necessary preliminary to any detailed knowledge of 
atomic structure. The main constituents of the structure 
had indeed been discovered without the help of the quan¬ 
tum theory, the electron in 1897 and the nucleus in 1911; 
but their interactions could not be worked out as long as 
the older mechanics of Newton and Maxwell was used. In 
fact, on these principles the nuclear model of Rutherford 
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was impossible, and it was only after Bohr had shown how 
to apply the quantum theory to the atom that further 
progress could be made. How rapid this process has been 
in the last zo years we all know; it has maally broken 
down any distinction in subject-matter between physics 
and chemistry, and the elucidation of molecular structure 
has now become the task of both sciences. 

This brief account of the services which physics has 
rendered to chemistry in the past may help us to realize 
the true relation of the sciences to one another. The oppo¬ 
sition of extension and intension—the rule that the simpler 
the problem, the more completely we can solve it—still 
holds. If we call chemistry molecular physics, we may say 
that the physicist is applying his more deductive methods 
to its simpler aspects, while the chemist is simplifying its 
more complicated phenomena by observation and. induc¬ 
tion. The practical use of a discussion such as this, which 
is addressed primarily to chemists and not to ph;^icists, 
is to get a truer conception of the way in which the chem¬ 
ist should pursue his subject, and of the extent to which 
he should be influenced by physical conclusions. On the 
latter point the position is clear; we are bound to make use 
of any physical weapon that is available for the solution 
of our problems. On our side we have a duty both to 
physics and to ourselves. In the first place we have to 
present to the physicist in a simplified form those ques¬ 
tions arising out of our chemical eiperience which he is 
best able to solve. The multiplicity of chemical phenomena 
is so great that only those who have given their whole 
attention to the subject can really know the facts relevant 
to a particular chemical question. We have therefore to 
collect and coordinate the data bearing on the phenomena 
which are accessible to physical attack. We also have to 
remember that we chemists are, so to speak, responsible 
for all chemical compounds. The physicist selects a few 
compounds peculiarly suitable for his measurements, and 
acquires detailed knowledge about their structure and 
behavior. We have to review the whole field of chemistry, 
and to see how far these conclusions can be extended to 
chemical substances in general, and if they can not, to 
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find if possible what chemical characteristics limit this 
application. 

At the same time we have to go on with the work of 
educing general principles out of the great mass of chemi- 
'ctl particulars. In the course of this process of simplifica¬ 
tion it is never possible to proceed very far without forming 
some idea of the actual mechanism which is at work, or in 
other words without forming some hypothesis and imagin¬ 
ing some model of the molecule. The physicist proceeds 
in the same way; but his simpler problems, lying nearer 
to the ideal systems for which the complete dynamics can 
be worked out, make possible a more detailed theory and a 
more precise model. This does not mean that they are 
better than those of the chemist, if by better we mean 
more suited to the advancing of knowledge; there is a 
place in the growth of science for both. Every theory and 
every model is imperfect. As Bohr has pointed out, a model 
of an atom or molecule is a machine of macroscopic size 
which is supposed to behave in the same way as an atom 
or molecule. But such a model, owing to the magnitude 
of the energies and motions of its parts, will act according 
to the Newtonian laws of mechanics, while the atom is 
subject to the quantum restrictions. An exact agreement 
between the model and reality is therefore not to be 
expected; we can only try to make the differences as small 
as possible. This is the position of the Bohr model at the 
present moment. It is built on classical principles, and 
then a new condition is imposed, forbidding all forms of 
motion which do not comply with the quantum principles. 
This new condition is wholly arbitrary, in the sense that 
it does not follow from the construction of the model; 
but it is necessary in order to make the model work right. 

This model has shown an amazing power of behaving 
like a real atom; the experimental results can be shown to 
agree with those predicted even in quite small details. 
But with the rapid development of atomic physics the 
model has not been found equal to every demand made 
upon it. This was partly due to the difficulty of calculating 
the behavior of such a model in any but its simplest forms; 
and so far we might hope that the difficulty would be 
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removed by improvements in mathematical analysis. But 
there were more serious troubles; in certain respects the 
conclusions derived from the model were shown to be 
definitely wrong; for example, it represented the hydrogen 
atom as a disk, while it could be shown experimentally 
that it was a sphere. This does not necessarily mean that 
the model is entirely wrong, but only that it is imperfect. 
In the last few years a new method of attacking atomic 
structure has been developed, that of wave mechanics. 
This can hardly be said to involve a model at all; or if it 
does, it is an elusive form of the Rutherford nuclear atom, 
in which the stationary states of Bohr are maintained, 
without their physical meaning being clearly expressed, 
although it is mathematically defined. But whatever we 
may think of the new model, the efficacy of the mathe¬ 
matical calculus involved is indisputable; it makes it 
possible to predict a whole series of properties which 
were inaccessible by the older method, and which can be 
verified experimentally. It is obvious that the equations 
of the new wave mechanics express the truth very closely, 
and are of immense practical value; and we may hope that 
as our knowledge increases it wiU become possible to repre¬ 
sent them by a definite model—^perhaps some modification 
of the Bohr model—^which will bring the structure more 
clearly before us. 

I have discussed the atomic model at some length, 
partly because of its intrinsic interest, but largely because 
an understanding of the conditions and limitations of a 
physical theory will help us to grasp those of a chemical 
theory. A chemical theory, dealing with more complicated 
phenomena, is less accessible to mechanical treatment. 
It takes account in the first instance of properties which 
can not be measured quantitatively, but which are clearly 
shown to exist. It adopts some terminology to express 
these, without at first making any exact assumptions as to 
their physical meaning. This after all is what physics has 
done with the quantum; we do not know even now what 
the quantum limitation really means, although we know 
what effect it produces. As an example of a chemical theory 
consider the theory of structural chemistry. This in its 
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original form assumed the existence of linkages between 
the atoms in a molecule, the nature of which it did not 
pretend to discuss, though it could make accurate state¬ 
ments as to their number, and as to the order in which the 
atoms were linked. It was capable of predicting the com¬ 
position and many of the properties of the substances 
formed in innumerable organic reactions, and of consistent 
application to hundreds of thousands of organic com¬ 
pounds. “Chemists,” as Helmholtz^ said in 1851, “must 
be allowed to form hypotheses after their fashion, since 
the whole extraordinarily comprehensive system of or¬ 
ganic chemistry has developed in the most irrational man¬ 
ner, always linked with sensory images which could not 
possibly be legitimate in the form in which they arc 
represented.” A direct result of these “sensory images,” 
that is of the simple model of atoms joined by links of an 
, unspecified physical nature, was the further development 
begun by van’t Hoff when he extended these ideas to three 
dimensions and opened up the new field of stereochemistry. 
As knowledge increased, new relations were discovered in 
the behavior of these links. Bacyer in his strain theory as¬ 
sumed that two links of one carbon atom had a “natural” 
inclination to one another, that given by the tetrahedral 
model, and that any departure from this involved a pro¬ 
portionate degree of instability in the molecule. This con¬ 
clusion could not be deduced from the nature of the link, 
because that nature had not been physically defined; but it 
was justified by the fact that its consequences agreed with 
experiment. 

During the further study of the reactions of organic 
compounds, it became possible to classify to some extent 
the effects which are exerted on the reactivity of certain 
atomic groups by other atoms or groups present in the same 
molecule. To e:^ess these conclusions new symtols were 
adopted—^plus and minus signs, or thick and thin bonds. 
All these developments were perfectly legitimate if they 
made it easier to coordinate the results of experiment. 
No assumption had been made as to the {jhysical meaning 
of the valence bond, and the new theories only implied 

^Kocnigsberger, Life of Helmholtz (Englisli cd., Oxford, 1850), 3401 
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that this force of unknown character is found experi¬ 
mentally to be capable of certain modifications, which are 
expressed by the new symbols. This is typical of a chemical 
as opposed to a physical theory; it arrives by induction 
from experiment at a series of relations between the struc¬ 
tures of molecules and their behavior, and shows that 
these can be simply explained by a small number of as¬ 
sumptions as to the forces between the atoms; but it makes 
no statement as to the physical meaning of these forces 
and their modifications. 

At the time when these theories of reactivity in organic 
compounds were being developed, the physicists had ar¬ 
rived at a theory expressing the valence forces in terms of 
electrons; in particular G. N. Lewis had shown that the 
non-ionized links, with which the organic chemists were 
mainly concerned, could be ascribed to the sharing of the 
valence electrons, two to each link, between the atoms. 
This theory was itself in some degree symbolic; no one 
knew precisely what was meant by “sharing ”—we are 
only now, 15 years later, beginning to learn what it means 
—but it was possible on the Bohr model to get some 
general idea of how it might happen, and as physicists 
were by this time able to count exactly the number of 
electrons in the atom and to determine what groups of elec¬ 
trons were stable, the Lewis theory could be extended very 
widely; and it was found to give satisfactory results, and 
to involve no assumptions as to the physical nature and 
behavior of electrons incompatible with physical experi¬ 
ence. 

It was quite evident that the explanation of the differ¬ 
ences which the organic chemists had detected in the links 
must ultimately be found in the behavior of the valence 
electrons; and the organic chemists hastened to look for it 
there. But at this point we come upon a difficulty. As long 
as the chemist confines himself to his symbolic representa¬ 
tions, he can do what he likes with them, so long as what 
he docs helps him to classify and coordinate his ideas. But 
as soon as he claims to give them a physical meaning, he 
must recoMize all the implications of a physical statement, 
links or bonds may be strained, or thickened, or imper- 
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fectly saturated, or classified into primar)r and subsidiary, 
and the atoms they join may have a positive or a negative 
character, because these words correspond to real differ¬ 
ences in behavior, and therefore to some change in the 
forces between the atoms, which we may hope to explain 
when we know what these forces are. But electrons must 
behave in certain ascertained ways, and the distribution of 
positive and negative electricity in a molecule is subject 
to physical laws and measurable by physical means. It 
cannot be denied that this requirement has sometimes been 
overlooked. It was said of one well-known theory of 
molecular structure, which did very good service in its 
day, that the author’s electrons “ have so few of the known 
properties of electrons that it is not immediately clear why 
they are called electrons at all”; and the same might be 
sain with equal truth of some other theories. 

Thus the transition from the chemical to the physical 
theory needs care. The ultimate object of the chemist is 
to express his conclusions in physical terms, but he must 
remember, if he tries to do this, that these terms have al¬ 
ready a very elaborate and precise connotation; every 
concept which he uses involves a series of definitely estab¬ 
lished properties. That, in fact, is why it is so important 
to be able to use them. But it is essential to use them 
rightly. The chemist must not employ the language of 
physics unless he is willing to accept its laws. Within these 
laws a certain latitude of interpretation is left to him, and 
some tentative physical suggestions may be put forward 
unsupported by physical evidence, provided the physical 
evidence does not contradict them. On this last point no 
exceptions are allowed. The chemist must resist the tempta¬ 
tion to make his own physics; if he does, it will be oad 
physics—just as the physicist has sometimes been tempted 
to make his own chemistry, and then it was bad chemistry. 

If these points are clearly realized, the prospects of 
progress in chemistry are far mbre favorable now than they 
have ever been. The ultimate problem of the establish¬ 
ment of the relation between molecular structure and 
properties is open to attack from both sides, and these 
attacks are now converging. We have found that the me- 
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chanics of the atom is clifFcrcnr in many ways from ifwi of 
large bodies, and wc—or they -have found whai ihc 
mechanics of the atom is, or at any rate how its 
can be calculated. Physics has already told m» the 'citi- 
pirical formulae" of the atoms, the number of * r:, !,. , 

which they contain and their dispusiti«t»H. It has m a 
mechanism of atomic linkage. It has {'rovid- i tix with 
methods of measuring many of the characteristic f? • '1;* £ i . 
of the links between atoms, the distance between the .i i i‘u,, 
the relative positions in space, the way in which the 
electrons arc shared between the atoms, the work ' : .a -1 
for their sejparation. The problems before us are far too 
complicatetf to be solved oy the physicist .thin • I ; de. 
ductivc reasoning founded on cxpcViniau . with a' lew 
selected compounds. But much of the information wc need 
he has shown us how to obtain; if wc cooperate heartily 
he will provide us with more; and in this way our th rn* jr-. 
can be tested and amended by physical nu'.c.m. and 
physical reasoning at every step. All that is needed i» a 
proper mutual understanding and good-will. 



CHAPTER I 
Atomic Cohesion 

T he main object of these lectures is to consider the nature 
of the covalent or non-ionized link between two atoms, 
and to discuss the various kinds of information which can 
be obtained about it, especially the distances between the 
linked atoms, the work required to separate them, the 
dipole moment of the link, and the angles which the 
several valences of a polyvalent atom form with one an¬ 
other. It may however be useful, before we go on to these 
points, to consider firstly the more general question of the 
forces which hold atoms together in matter,^ and secondly 
(Chapter 11 ) the conditions which determine whether two 
atoms form an electrovalent or a covalent link, and the 
much disputed question whether these two forms of link- 
age are essentially distinct or merely represent the ex- 
tremes of a continuously varying senes of states. 

Modern physics has shown that the atom is made up 
of a nucleus and electrons, both charged electrically, and 
both in some degree massive. It is therefore subject to 
I two kinds of forces, electromagnetic and gravitational, 
and, so far as we know, to no others. The physical analysis 
of nature has now gone so far that we have good reason for 
believing that the electromagnetic and the mass properties 
are the only ones that govern the attraction of matter for 
matter. All the various terms that were so familiar to 
the older chemists, cohesion, adhesion, afiinity, valences 
primary and secondary, co-ordination, and so forth, must 
be regarded as expressing the results of electromagnetic or 
j gravitational forces. And of these two, the only one which 
concerns us in chemical questions—in considering the intcr- 
i actions of masses of matter which are not too large to be 
handled in the laboratory—are the electromagnetic. The 

^ An excellent summary of the position has been given by H- G. GtiWEa# Z* Mkk^s» 
chm., 34, 430 (19x8), on which the following account is largely based. 
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unit electrical charge, that of one electron per atom, is 
relatively enormous and gives rise to forces far greater than 
those due to the gravitational effects of the atoms on one 
another. Debye has pointed out that a gram-atom of 
sodium ions (x3 grams) at the north pole of the earth 
would attract a gram-atom of chlorine ions (35.5 grams) 
at the south pole with a force equal to the weight of 
^1,000 kgm. At any given distance the electrical attraction 
betv(reen a sodium ion and a chlorine ion is 10®® times 
the gravitational. So we are left with the electromagnetic 
forces alone to account for all the properties of atoms 
and molecules. 

It has been shown that these will account for the form¬ 
ation of definite valence bonds between atoms in two differ¬ 
ent ways: by the transference or by the sharing of electrons. 
Both of these involve specific changes of position or orbit 
of one or more of the relatively small number of mobile 
electrons that an atom possesses, the outer or valence 
electrons j and this is how the small integral values pre¬ 
scribed by the ordinary rules of valence arise. 

But these are not the only ways in which atoms can 
attract one another. In addition to these two forms of 
attachment, electro valence and covalence (with co-ordina- • 
tion as a sub-species of the latter), there is a third which, 
although it is of a less definite and so to speak individual 
character and cannot be included among the forms of 
valence, is yet of great importance. 

Experiment shows that all molecules whatsoever, even 
the monatomic molecules of the rare gases, attract one 
another. It is this attraction which is expressed by the a 
of van derWaals’ equation; and since no substance could 
exist in the liquid or solid form if a were zero, and every 
known substance can be solidified, it follows that this 
molecular attraction is a universal property of matter. 

It is easy to see in general how this attraction arises. 
The positive and negative parts of which an atom or a 
molecule consists will be affected by those of any other 
atom in the neighborhood, like charges repelling and un¬ 
like attracting one another. This attraction does not 
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amount to chemical combination; the electrons do not 
pass from one atom to the other, nor arc they definitely 
shared between them; but still there is an attractive force 
between the atoms. This must be a property common to 
all atoms and all molecules, since they arc all made up of 
nuclei and electrons. We therefore have to recognize a 
third form of force attaching atoms and molecules to one 
another. This is known as the van dcr Waals force.® 

These three kinds of force, electrovalcnce, covalence 
and the van dcr Waals force, are all that it is necessary to 
assume as acting in gases, li<juids, or solids. 

The next point is to consider which of these are active 
in particular states of matter. There arc of course many 
doubtful cases, where it is not possible to give a definite 
answer to this question, or not without a lengthy dis¬ 
cussion of the properties of the material in dispute. But if 
we disregard these, and confine ourselves to well-marked 
groups, we can get a fairly clear idea of the various ways 
in which the chief classes of substances are held together. 

We may begin with the salts, such as the alkaline 
halides. In the solid state these arc crystalline substances, 
with high melting and boiling points. X-ray examination 
shows that they have a lattice in which the atoms arc 
regularly disposed; in sodium chloride, for example, there 
arc six sodium atoms round every chlorine, and vice versa. 
There is no sign that a sodium atom is more closely attached 
to one of its six neighboring chlorines than to any other, 
and we further have definite evidence that the atoms in 
the crystal are electrically charged, i,e. arc ions. 

It is clear that the crystal contains no sodium chloride 
/molecules, but only a regular arrangement of ions, and that 
f the force holding it together is of the first kind, electro- 
i valent or electrostatic. This force is very powerful, and 
hence the work required to break up the crystal—the heat 
of evaporation—^is very large, as tnc high boiling point 
shows. From Trouton’s law—^molecular neat of evapora- 

« The mechanism of dhe yao <Jer Waab force in aases was first ditenssed hf Debye-*" 
Fhj/iik. 2 ., ai, 178 (i9xo]>--^ho edetdated the mutual polarisation of the atoms. Recently 
the subject has been further examined by the methods of wave mechanics, and it has been 
shown that the forces which Debye considered are responsible for only a part of the effect* 
jmd that the rest must be ascribed to a resonance of the orbits which can not be calculai»a 
by classical methods. 
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tion = absolute b.p. X 2.1,7, aj^roximately^—the heat of 
evaporation of sodium chloride (b.p. 1440 must be about 
36 k^m-cals per gram-molecule. In the vapor of the salt 
the 10ns are not all separated, but are present largely 
in pairs; to convert the solid into the wholly dissociated 
vapor would need zoo kgm-cals per gram-molecule. The 
molecules of NaCl which are still present in the vapor 
can be shown* to consist of ions, Na[Cl], held together 
as in the solid by their opposite charges (electrovalence). 
In the fused salt (we know much less about the liquid 
state than we do about the gaseous or the solid) it is to 
be presumed that we have a similar condition of complete 
ionization and partial dissociation. 

When the salt in question contains polyatomic ions, 
cither what we generally call complex ions, as in a ferro- 
cyanide or a platinichloride, or such ions as NH4 or NOs, 
we still have in the crystal an ionic lattice of the two kinds 
of ions, which are held to one another by electrostatic 
forces; but the atoms composing the polyatomic ion are 
themselves held together in the ion by forces of the second 
kind, those of covalence. This is confirmed by the results 
of X-ray examination, which show that in calcium car¬ 
bonate, for example, each carbon atom is more closely re¬ 
lated to its own three oxygen atoms than to the others. 

The second main group of substances consists of the 
metals; but these offer great difficulties and arc better 
considered after we have dealt with the third and last 
of the chief divisions, the substances which are neither* 
salts nor metals, and which do not conduct electricity 
either in the solid or in the liquid state. This class includes 
most organic compounds and also the elements of the 
later periodic groups and their compounds with one 
another, such as nitrogen, chlorine, carbon dioxide, the 

S fins, and so on. Here we have in the gaseous state 
ite molecules, the atoms of which are attached by 
covalent forces (Type II), while the molecules themselves 
show only a weak van der Waals attraction. 

In the solid state there are two kinds of force at work: 
covalent forces holding together the atoms of each mole- 

^ H. Sponcr, 2 . Blektrochm, 34 > 483 (13x8). 
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cule, just as in the gas; while the molecules themselves 
ate held together in the crystalline lattice by means of 
the van der Waal forces. This view is entirely confirmed 
by the X-ray examination of the crystals, which shows 
that the chemical molecule is essentially the unit out of 
which the crystal is built. 

The weakness of the van der Waals forces between the 
molecules, as compared with the covalence forces within 
a single molecule, is proved by the work necessary to 
break up the structure. For example, with carbon tetra¬ 
chloride (m.p. — Z3°, b.p. +77°) it has been found that to 
break down the crystal lattice and form the liquid needs 
about 7 kgm-cals; to convert the liquid into the vapor, 
that is, to separate the molecules completely from one 
another without separating the atoms in each molecule, 
needs about as much more; while to separate the atoms inJ 
the molecule from one another, thus overcoming the coi 
valence fotccs, requires vjo kgm-cals (all these bcin^ 
calculated for one gram-molecule, or 154 grams). It is 
because of the weakness of attachment of the molecules 
to one another, and the small amount of work required to 
separate them, that these covalent non-ionized substances 
usually have such low boiling points.For the same 
reason the crystals of such compounds as a rule arc softer 
than those of salts. 

For completeness we may add the rare gases, in which 
the forces are entirely of the third (van der Waals) kind, 
in the gaseous, liquid and solid states. 

The structure of metals presents a problem that has 
not yet been completely solved. They form a group apart. 
They occur with elements which can give monatomic 
cations, and with solid solutions or compounds of such 
elements among themselves. Their physical properties are 
quite peculiar, especially their invariable opacity to light 
(except in the thinnest films), and their power of ‘ ‘ metal¬ 
lic” conduction, i.e. of conducting electricity without the 
simultaneous transport of matter which accompanies the 
conductivity of electrolytes. Soon after the discovery of 
the electron Drude propounded a theory in which it was 

® Compare lithium fluoride (mol.wt. x6, b.p. 1676°) and tellurium hexafluoride 
(mol.wt. X4I, b.p. — 35®)' 
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assumed that a metal contained free electron s in a state 
like that of a gas, which were capable of diffusion, so 
that under the influence of a potential gradient they would 
drift in the direction of the positive pole. This was open 
to the objection that such electrons should have a specific 
heat equal (particle for particle) to that of the cations 
which were formed by their liberation, whereas, as we 
know, the atomic heat of an element is much the same 
in the metallic state as in its compounds. To avoid this 
difficulty Lindemann suggested that the metal, which 
in the solid state is undoubtedly crystalline, formed two 
interpenetrating space lattices just as sodium chloride 
forms two interpenetrating lattices of Na"'' and Cl~ ions; 
and that in the metal, while the positive lattice con¬ 
sisted of positively-charged atoms (cations) as in the 
salt, the negative lattice was formed of electrons which 
could move as a whole, with a certain amount of distor¬ 
tion indicated by the electrical resistance, through the 

? ositive lattice under the influence of a potential gradient. 

his theory, which is in many ways very attractive, is not 
wholly supported by the results of a wave-mechanical 
discussion of the problem by Sommerfeld,® Heisenberg, 
and others. Their conclusions, which have not yet been 
developed in detail, are difiicult to express in simple 
language; but they indicate that the electrons which 
carry the current in a metal, the number of which is still 
undet ermined, behave as a “degenerate gas” Trather lik e 
Sg[jualat.,v c ry low fit B pgratimes, whpjeji^ertiesJfpa 
in many ways from those of an ordinary gas), but must be 
supposed to have a free path of the order of loo times the 
atomic diameter. A remarkable confirmation of this is 
afforded by the observation that the least amount of an 
impurity which, under favorable conditions, can measur¬ 
ably reduce the conductivity of a metal is one atom in a 
million. In such a mixture every hundredth atom in a row 
is an atom of the impurity; and it is obvious that this 
amount is just enough to interfere with the motion of 
the electrons, and therefore with the conductivity, if the 
mean free path is loo atomic diameters. So far as the 

® For a more or less popular account, sec A. Sommerfeld, Ber,, 6i, 1171 (19x8), 



Atomic Cohesion 


2-4 

electrons in a metal can be regarded as really free, they 
must of course produce a corresponding number of posi¬ 
tively charged atoms or cations, and these oppositely 
charged particles will be held together by electrostatic 
attraction (Type I); but there is some reason to think 
that some of the valence electrons in a metal, or all of them 
for some of the time, may form covalent links (Type II). 
An argument in favor of this is afforded by the observed 
distances between the atoms in a metal. Further details 
are given later,^ but the argument may be outlined here. 
The distance between two atoms in a molecule, which is 
highly characteristic of the atoms but which also depends 
on the mode of linkage, is usually expressed as the sum of 
two “effective radii”. There is good evidence that the 
effective radius of an atom is greatly affected by its charge, 
being increased by a negative and diminished by a positive 
charge, as we should expect on general principles. For 
example, the effective radius of the neutral or covalent 
fluorine atom is 0.68A and that of the F” ion 1.33A; 
that of neutral silver is about 1.5 and that of the silver 
ion Ag"*" is 1.13. Now it is always found that the radius in 
the metal (half the distance of nearest approach) is very 
close to that of the covalent atom, and much greater than 
we should expect if the atoms were in the ionized (cationic) 
state; for example, the radius in metallic silver is 1.44, in 
metallic sodium it is 1.86, the radius of the sodium ion be¬ 
ing i.o A. This suggests that the linkages between the 
atoms in a metal, or most of them, are covalent; but that 
under the conditions prevailing in a metal the linking 
, electrons can to some extent break free from their positions 
i and serve as carriers of the current. The q^ucstion is still 
! obscure, and at present most wave mechanicians prefer to 
I assign the metallic link to a separate class alongside of 
the electrovalent and covalent classes. 

There can be no doubt that definite intermetallic com- 
f pounds exist; some can even be shown to be present in the 
? vapor phase; and in these we cannot doubt that the atoms 
of the compound are united by covalent forces into mole¬ 
cules, the attachment of these molecules to one another 

7 Chapter III, pp. 86, 88, 
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in the solid alloy being of the metallic kind, whatever 
that may be. 

We have now dealt with the three great classes of 
substances: salts, metals, and covalent compounds. We 
have seen how the first owes its existence in the solid 
state to electrostatic forces, while with the third the atoms 
in a molecule are attached covalently and the molecules 
themselves are held together in the solid state by the van 
der Waals forces of their external fields. The state of the 
metals is less certain, but there is some reason to think 
that in them also the covalent forces play a large part. 

There still remain, however, certain classes of compounds 
which do not exactly fit into any of these categories. One of 
the most interesting is that typified by the diamond. The 
physical properties of the diamond, such as its great hard¬ 
ness, its transparency, its non-conduction, and its enor¬ 
mously high melting and boiling points, are familiar. 
X-ray investigation shows that it consists of a series of 
atoms all occupying exactly similar positions, each being 
placed between four neighbors which are at the points of 
a regular tetrahedron of which the particular atom under 
consideration forms the center. This structure runs through 
the whole crystal. It is clear that the attachment between 
the atoms is of the second or covalent kind, since carbon 
practically always forms covalent links, and we know 
already from organic chemistry that the most probable 
position of four groups covalently attached to a carbon 
atom is at the pointS of a regular tetrahedron. Moreover 
it has been shown that the distances between the atomic 
centers, and the work required to separate two atoms, are 
practically the same in the diamond as in the carbon chains 
of organic compounds.® But the crystal structure does not 
indicate any division into molecules at all; the whole 
lattice is continuous, and every atom is the same distance 
from its four neighbors as every other. The only con¬ 
clusion we can arrive at is that the whole crystal is one 
molecule; that the covalent links run without a break 
through the whole mass, and that the only forces acting 
are those of covalence. This explains the extreme hardness 

® See Chapter III and Chapter IV. 
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of the diamond, since it can be cut only by the actual 
breaking olf the covalent links, and moreover the structure 
is very strongly strutted, as is obvious from the model. 
It also explains the non-volatility,, since the substance 
can volatilize only by chemical decomposition. Substances 
of this kind are known as “giant molecules’’. Recent 
work ® has shown that they are more numerous than was 
supposed, especially among compounds of the general 
G^omposition AB where the sum of the valences or A and 
■B is 8, as in carborundum (CSi), silicon, aluminum nitride, 
and beryllium oxide. 

A very interesting substance from this point of view is 
the allotropic form of carbon, graphite. It has always 
seemed extraordinary that while diamond is the hardest 
of known substances, graphite is in a sense the softest; it 
is the only solid that can be used as a lubricant. The 
examination of the crystal structures makes the reason 
clear. The two structures are in many ways very similar; but 
whereas in diamond every atom is the same distance from 
all its four neighbors, in graphite it has the same relation 
(much the same as in diamond) to three of them but is 
more than twice as far from the fourth.^” The result is that 
in graphite we have a series of layers one atom thick, in 
each of which the carbon atoms are as firmly linked as in 
diamond (and by the same covalent forces, at nearly the 
same distances), but each layer is some distance from the 
next. This accounts for the mechanical peculiarities of 
ppUte: th£ atoms in each layer are firmly enough bound, 
but the layers are easily detached from one another, giving 
a series of little plates only one atom thick, which make an 
admirable lubricant. 

We thus have in graphite a series of plates, each of 
which may be called a giant molecule in two dimensions, 
its atoms held together by covalence forces. The force which 
holds the plates together is less certain. Graphite, unlike 
diamond, is a conductor of electricity ancf hence it is 
commonly assumed that the electrons (one to each carbon 
atom) which link the layers together are in the same state 

• H. G. Grimm and A. Sommcrfcld, 2 . Physik^ ^ 6 , 36 (1916), 

30 The distances are: in diamond, 1.54; in graphite 1,41, and 3*3 A. 
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as in metals. This may probably be so; but it is remarkable 
that whil'e we find the interatomic distances in metals to 
be those required for covalent linkage, these links in graph¬ 
ite are more than twice as long as those between covalently 
linked carbon atoms. 

Other instances of such"layer lattices’’ (SchkhtmgitUr) 
are known among compounds, as with zinc iodide. Here 
it can be shown that the crystal (like graphite) consists 
of a series of layers somewhat remote from one another 
and easily separated. Throughout each layer the linkage 
is purely covalent (including co-ordinate links), and here 
the forces between the layers are no doubt of the van der 
Waals type. 

We can even carry the process a stage further and get 
a one-dimensional giant molecule, if the recent views of 
the structure of cellulose put forward by Meyer and Mark^* 
are correct. It is probable that in cellulose we have a long 
series of sugar molecules joined together by loss of water, 
that is by the formation of an ether grouping C—Q—C, 
thus forming a thread one molecule (^bout 8 A.) thick. 
This gives a molecule of indefinite length, whose atoms 
are held together entirely by covalent links. The actual 
fiber of the cellulose is made up of a number of these side 
by side, the attachment in the two last dimensions being 
efected by means of van der Waals forces, or perhaps by 
association (co-ordination) of the hydroxyl groups. 

This discussion raises a further question of some im¬ 
portance. A theory of valency should be able to account 
for the structures of all known molecules; but as we have 
seen there is a force by which atoms and molecules attract 
one another, the van der Waals force, which is of a more 
diffuse nature than the true valence forces, and is not to 
be expected to conform to their laws. It- is evident that 
these laws will apply only to groups of atoms held together 
by the valence forces of electrovalence and covalence, 
and the question arises how such true molecules can be 

F. Hund, Z. IBhysik, 34,833 (1915); V- M. Goldschmidt and co-workcrs, Geochemische 
Verteilmgsgmt^^ (Oslo, 192.6), VI. 

12 K. H. Meyer and H. Mark, Ber.,6x^ 593, i^ 2 .S;Aufbau der hochplymeren Naturstoffe 
(Berlin, 1930). [See also Pringsheim, this Series, Vol. 6 (i93i), pp. 366ff. — ^Ed.] 
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distinguished in practice from aggregates whose parts are 
held together only by the van dcr Waals forces. 

We commonly distinguish a compound by its having a 
definite stoichiometric formula—one with a limited num¬ 
ber of atoms—and especially by the fact that this remains 
constant independently of changes of the pressure, tem¬ 
perature, and concentration under which it separates in its 
formation.“ The argument is that the siinple_ numerical 
ratio of the various atoms in the phase, which is what we 
mean by a stoichiometric formula, can be secured only by 
the action of forces which attach atoms in small numbers 
to one another in molecules, i.e. by valence forces. 

To this argument there is however one serious excep¬ 
tion. It is perfectly sound when applied to liquids and 
gases; but in the important case of crystalline solids there is 
another way in which these simple relations can arise, and 
that is by the geometrical requirements of the crystal lattice. 
X-ray analysis shows that a crystal is formed by the re¬ 
petition of a series of precisely similar units, the crystal 
units or crystal cells. Where the size of the molecule is 
known from other evidence, for example with benzene, 
we usually find that the unit cell contains not one molecule 
but several, two or four or even more. With many sub¬ 
stances, as with benzene itself, it is clear that the mole¬ 
cules in the cell are attached by van der Waals forces and 
by these alone, just as the cells are themselves. Now there 
is no reason why there should not be crystals whose cells 
contain molecules of different kinds, held together in the 
same way as the molecules in solid benzene, that is by 
van der Waals forces and not b)^ true valences. If these 
different kinds of molecules are similar in size and in the 
distribution of their external fields, it may make very 
little difference whether the crystal unit of, say, four mole¬ 
cules is all A, or three molecules of A and one of B, or two 
of each; and in that case we get the phenomenon oJf solid 
solution, where the proportion of A to B in the solid 
va.ries continuously with that in the liquid in equilibrium 
with it. In other cases the two sorts of molecules may be 

^ The classical Hcgarive example is the constant boiling mixture of hydrochloric 
acid anohwater. 
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quite different and yet there may be a particular proportion, 
say 3A + B, which packs into the crystal and satisfies the 
van der Waals forces peculiarly well. The composition of 
such a crystal would be given by the sum of the formulas 
of the molecules in the cell and would still be compara¬ 
tively simple, because the number of such molecules is 
small. But not all the atoms in this formula would be held 
together by valences; they would form a series of separate 
molecules. We are, therefore, not justified in concluding 
that the empirical composition of a solid phase, even 
when it gives a stoichiometric formula independent of 
changes in the temperature and composition of the liquid 
from which it separates, is that of a single molecule. 

The question can only be answered satisfactorily by 
getting evidence of the existence of the compound in the 
gas or the liquid, where these crystalline forces do not 
interfere. The difficulty is peculiarly great when the solid 
contains molecules of the solvent from which it separates, 
because determinations of molecular weight in solution do 
not tell us whether the solute is combined with the solvent 
or not. Among the great class of hydrates we know that 
there are many in which the water has entered into real 
chemical combination; but in others there is good evidence 
that no true combination occurs; that the water (or ice) 
molecules are held by the van der Waals forces in the crys¬ 
tal along with those of the salt or other solute; and that 
the simple numerical ratio of the different. kinds of mole¬ 
cules merely reflects the geometrical regularity of the 
crystal. 

The most striking examples are the solid hydrates of the paraffins and, still more, 
those of the inert gases. Compare dc Forcrand, Comp, rend.y 135, 959 (1902.); ibidem, 
181,15 (1915). 



CHAPTER 11 

Electrovalencb and Covalence 

B efore we can discuss the detailed nature of the covalent 
link we have to consider its general relation to the 
electrovalent or ionized link, ana the conditions that 
determine which of the two is formed by a given pair of 
atoms. A further (Question is whether these two forms of 
linkage are essentially distinct, or are only the extremes 
of a continuous series of states. This will be discussed 
in detail later in this chapter, but for the present it will 
be assumed that they are distinct. 

We have first to deal with the electrovalent link. In 
the earliest systematic treatment of this question Kossel 
regarded the ions practically as rigid structures.^ This 
view, which was natural and reasonable in a first survey of 
the subject, was soon shown to need considerable modifi¬ 
cation. The simplest proof of the inexactness of this 
“billiard ball” theory was afforded by the measurement by 
X-rays of the distances between the .atomic centers in the 
alkaline halides, which were made by W. H. and W. L. 
Bragg. Most of these salts have the same (NaCl) lattice 
and so, if the ions are rigid structures, the difference of 
the interatomic distances in, say, the lithium and potas¬ 
sium salts of any halogen ought to be the same whatever 
the halogen, being the difference between the radii of the 
lithium and potassium ions. Experiment showed that this 
was roughly but not accurately true, as can be seen from 
the following table in which all the salts mentioned have 
the same sodium-chloride lattice: 



F 

a / 

Br 

I 

Potassium 

1.664 

3.138 

3.185 

3.515X10“® cm. 

Lithium 

1.040 

1.566 

2-745 

3.037 

Diff. 

o.«t4 

0.571 

0.540 

0.488 


^ Kossel pointed out, however^ Fhysiki 49, ^13 (1316)— <hat in the salt they 
must to some extent deform one another* 
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It will be seen that while the differences remain ap¬ 
proximately the same, they show a very definite diminution 
with increase of the atomic weight of the halogen. Many 
other facts might be quoted which support this conclusion, 
that the ions cannot be regarded as rigid structures, but 
have some power of deforming one another. 

The further investigation of the problem was made 
possible by the work of Debye ^ on the mutual polarization 
of the molecules of a gas. That such polarization should 
occur is to be expected. The atom, to take the simplest 
case, consists of a positive nucleus surrounded by negative 
electrons. In the isolated atom the center of action of the 
positive and negative electricities is the same. But if the 
atom is placed in an electric field, for example between two 
oppositely charged plates, the positive part, the nucleus, 
will be attracted towards the negative plate and the 
negative part, the electrons, towards the positive, and 
the atom will be polarized or deformed. That such defor¬ 
mation actually does occur is proved by the Stark effect, 
the shifting of the lines of a spectrum when the emitting 
atoms are in an electric field, owing to the distortion of 
the electronic orbits. 

When the atoms are elecitrically charged—when they 
are ions—the field in their neighborhood is very powerful 
and we should expect the distortion also to be large. The 
actual amount of distortion which is produced in a given 
salt molecule will depend on two separate factors: the 
deforming power or strength of field of one ion, and the 
sensitiveness of the other ion to deformation—the extent 
to which it is deformed by an electric field of given strength. 
These two factors can be investigated separately, and we 
may consider the latter first. 

If an atom or molecule can be polarized by an electric 
field, it must be polarized by light waves, since these are 
electromagnetic waves; and if this occurs the polarization 
will delay the progress of the waves, or in other words' 
increase the refractive index of the medium. It was by 
considerations of this kind that H. A. Lorenz deduced, 
from the electromagnetic theory of light, the relation be¬ 
tween the polarizability of the particles of a medium and 

2 Debye, Physik. Z., ai, 178 (192.0). 
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its refractive index for infinitely long waves. The polari- 
. zation p is proportional to the strength I of the electric 
field, and their ratio p/I is the polarizability, a. The polari¬ 
zation itself consists, as we have seen, in a separation of the 
centers of the positive and negative electricity of the mole¬ 
cule, which means that under the influence of the field the 
molecule or atom becomes an electrical dipole; it is equi¬ 
valent to a rod with a positive charge at one end and a 
negative charge at the other. The effect is measured by the 
moment of the dipole produced, which is the product of 
the magnitude of one of the charges, which we may call 
e, into the distance / separating them. Thus a = el/ 1 , 
where I is the intensity of the field. Lorenz showed that 
if n is the refractive index of the medium for infinite wave¬ 
length, and H the number of molecules in a gram-molecule 
(6.06X10*®), the polarization is given by: 


a =.l=i2il= _i_ X ^ X - 3 V n 

I I «* -|- z d 47 rN ’ 

where M is the molecular weight, d the density and K the 
ordinary constant for the molecular refractivity on the 
Lorenz-Lorentz formula. 


In this way we can calculate from the refractive index 
and the dispersion, the value of n, the refractive index for 
infinite wave-length, and so that of K, and so ultimately 
that of a, the polarizability.® 

As far as the inert gases are concerned the measurements 
are simple, as they can be made directly on the gas. When 
we come to ions, the problem is less easy. We cannot ob¬ 
tain the ions as a gas. We can measure the refractive index 
of a solution with great accuracy, and by extrapolating the 
values of the molecular refractive power of the salt to infinite 
dilution we can eliminate the influence of the ions on one 
ano^er. When we do so we find, as with the molecular 
conductivity, that the value of S.* is strictly additive 
(with an experimental error not exceeding o.oz per cent) 
for the i^s present. Two difiSculties however still remain: 

(i) We cannot determine the value of S. 00 for one ion, 
but only the sum of the values for the positive and the 
negative ions. 


iT.n collection of Ac refractive index from optical to infinite wave-length need not 
“• dlsrassed under dipole moments in Chapte* vfp. 131.. For 

practical purposes it is usually sufficient to take the refractive index for visitle light. 
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(l) The value obtained is not that of the “naked” 
isolated ions; it includes the effect of the ions on the polar- 
i2abilit7 of the neighboring water molecules—the effect of 
their hydration in any sense of that term. 

These difficulties cannot be completely overcome, but 
we can approximately eliminate them in various ways.^ 
The first difficulty was got rid of hj assuming that the 
deformability of the hydrogen ion, since it consists of a 
single proton, is zero. As all other simple ions can be re¬ 
ferred to hydrogen ion, and as we are mainly concerned 
, with differences, this assumption enables us to determine 
without serious error the values for the ions in general. 
The effect of the hydration is less.easy to allow for; but 
by various theoretical arguments an approximate value 
was obtained. This effect is not large, and even in the ex¬ 
treme case of the hydration of the hydrogen ion (i.e. the 
difference between H2O and HsO"*", or xHaO and H602''") 
amounts to only —0.67, the actual values for ions in general 
being of the order of 10 units. The conclusions can be 
checked, for certain ions, by the theoretical calculation of 
their refraction from the spectral terms; and on the whole 
the agreement is good. 

Table I 




KefracHvity of Gaseous 

Ions. 



E.A.N.“ 

V 10 

0-- 

F- 

Nc 

Na+ 

Mg++ 




7.0 

1-4 

1.0 

0.5 

0-3 


E.A.N. 

18 


ci- 

A 

K+ 

Ca++ 

Sc+^ 




9.0 

4-2- 

z.z 

1-3 

0.9 

E.A.N. 

36 


Br- 

Kx 

Rb+ 

Sr^ 




1Z.6 

6-3 . 

3.6 

S..X 


E.A.N. 

54 


.1- 

X 

Cs+ 

Ba++ 

La+++ 




19.0 

10.3 

6.1 

4-2- 

3-3 


The effective atomic number, i.e. the actual number of electrons in the ion. 


These being the methods used, it remains to consider 
the results. The values corrected in this way for a series of 
i ons in the gaseous state are contained in Table I; they are 

^ Sec J. A. Wasastjerna, Z. physik. Chem., loi, 193 Soc. Sci. Femica, Commmtch 

tiones Fhys-Math.y i, 37 (19^3); K. Fajans and G. Joos, Z. Physik, i ^om 

and W. Heisenberg, Z. Fhysik, ^3, 388 (1924); Fajans, Kadioelements and Isotopes 
Series, voL 9, New York, 1931), Chapters IV, V, VI. 
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given to one place of decimals, which perhaps is as far as 
their absolute magnitudes are to be trusted, in view of the 
various approximations involved. The results are plotted 
in Figure i. 

These values give the extent to which the various ions 
are deformed by a constant electric field. The first point to 
observe is the enormous effect of the ionic charge on atoms 
of the same effective atomic number (e.a.n.), or in other 
words, of the nuclear charge where the number of electrons 
is the same. A fall of i in the positive charge of the nucleus 
nearly doubles the polarizability. This is to be expected, 



Atomic Number 
Fig. I 

since the increase of the nuclear cha^e, that is of the field 
in which the electrons arc moving, fixes their orbits more 
firmly. The practical result is that when we come to con¬ 
sider the deformation of the ions of a salt by one another, 
the deformation of the cation may be taken to be usually 
negligible in comparison with that of the anion. 

The second point is that in any scries with constant 
ionic charge the deformability increases with the atomic 
number, or in other words with the size of the atom, since 
in any periodic group these properties go together. 

These are the mam conclusions as to the deformability 
of the monatomic ions: that it is much less for cations than 
for anions, and that for ions of any given type it increases 
rapidly with the atomic size or atomic numfe. 

Our ultimate object is to find the extent of deformation 
of one ion by another, in a single molecule or ion-pair of a 
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salt. This is a more difficult matter. The polarization of 
single molecules can be examined directly only in the gas¬ 
eous state; and as true salts volatilize only at temperatures 
so high as to cause a considerable amount of dissociation, 
practically the only vapors we can examine are those of 
covalent compounds, where the conditions are different 
owing to the covalence formation. We therefore have to 
rely on indirect considerations. 

Some idea, however, of the way in which the deforming 
power of a cation varies may be got by calculating the 
field of the cation as measured by the ionic charge divided 
by the square of the ionic radius.® This enables us to com¬ 
pare ions of the same type, e.g. of inert gas structure. 
Some examples are given in Table II. 

Table II 

Field Strengths of Cations. 


Li+ 

1*7 ’ 

Be++ 

16 



Na+ 

I.O 

Mg++ 

3-3 

AI+++ 

9.1 

K+ 

0.6 

Ca++ 

1.8 

Sc-+-^ 

4-4 

Rb+ 

0.5 

Sr++ 

I.X 

y-i-H- 

2-7 

Cs+ 

0.4 

Ba++ 

I.O 

La+++ 

I.O 


The basis on which the ionic radii are calculated is dis¬ 
cussed in Chapter III, page 75. 

It is evident from the figures given in Table I that the 
deformation which occurs is essentially that of the negative 
I ion. It is also clear how the amount of deformation under a 
i constant deforming force will vary with the nature of this 
I anion. It will be more deformed the larger its ionic charge,' 
, and also the greater its size or atomic number. The ionic 
charge of the anion will indeed have a double effect, increas¬ 
ing the deformability in a given electric field, and in the salt 
increasing also the strength of the field. Thus the amount 
I of deformation suffered by the anion in the salt will be 
, greater the greater its ionic charge, and the greater its size. 

The cations, as we have seen, will act essentially as 
deforming agents, the deformation they themselves suffer 
is usually negligible. Their deforming power will obviously 
increase with their ionic charge; it will also be affected by 

V. M. Goldschmidt, Gmhmischt Vemilungsiesttxe (Oslo, 1916), VII, p, 60. 
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their size, but in the opposite sense to the deformability of 
the anions. The smaller the cation is, the nearer its charge 
comes to the anion, and the more effect it produces. Hence 
the cations are more effective the greater their cha:^e and 
the smaller their size or atomic number. Another difference 
has to be considered here. Monatomic cations can be 
divided into classes according to the size of their outer 
electronic groups. Those which are given on Table I are 
all of what is called the inert gas type: they have the same 
number and arrangement of electrons as the inert gases, 
with an outer group of z or 8; all monatomic anions belong 
to this type. But we also have other types of cations, such 
as those of the B subgroups of the Periodic Table (Ag"'", 
7 n+ +, In"'^, etc.), with an outer group of 18; those with 
two electrons more than this, such as Tl"*" and Pb++; and the 
cations of the transitional elements (Cr^, Cr’'^''', Fe"^, 
Ni"^, etc.) in which the outer group is more than 8 and 
less than 18. Experience shows that of all these types the 
inert gas type has the least and theB type (18) probably 
the most deforming power. 

The evidence for these conclusions is of various kinds. 
We can discover the degree of deformation from the re¬ 
fractive power itself in the salt. It can be shown that if 
the anion is deformed by the action of the cation, its fur¬ 
ther deformability is diminished—its polarizability grows 
less—as we should expect, since the electrons arc already 
to some extent controlled and restrained by the positive 
cation. The polarizability of the cation, conversely, is in¬ 
creased by the influence of the anion, whose negative 
charge to some extent frees the electrons of the cation from 
the control of their own nucleus; but the polarii;ability of 
the cation is so small in any case that this effect usually 
can be neglected. 

We can thus discover the amount of deformation which 
one ion produces in the other by comparing the sum of the 
refractive powers for the isolated ions with the observed 
value from the refraction of the solid salt. In Table III i 
jRg,s is the value for the sum of the free ions (obtained from 
the solution values by eliminating the effect of hydration), 
and the value obtained from the observed refractive 
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index of the crystal. The differences (Rg^a — RcryeO 
plotted in Figure x. 

It will be seen that the change in going from the gas to 
the crystal is nearly always a fall, which is greater the 



Cl Br 

Fig. 2. 


Table III® 

Refractive Power in Gas and Crystal. 




F.' 

Cl 

Br 

I 

Li 

jRgas 

2.. 70 


IX. 87 

19.44 


JRjxyst. 

2-34 

7-59 

10.56 

15- 


Diff. 

— 0.36 

—1.61 

1 

H 

Oj I 

H 1 

-3.46 

Na 

jRgas 

3.00 

9.50 

13.17 

19-74 


jRctyst. 

3 *02. 

8.5a 

II .56 

17.07 


Diff. 

+0.02. 

—0.98 

— 1.61 

cl 
' 1 


jRgas 

4-73 

II .X3 

14.90 

2 - 1.47 


jRcryst. 

5.16 

10.85 

13.98 

19-75 


Diff. 

+0.43 

—0.38 

— O.9X 

“I .yx 

Rb 

jRgas 

6.08 

IX. 58 

16. X5 

XX. 8 x 


jRcryst. 

6.74 

IX. 55 

15.78 

XI .71 


Diff. 

+0.66 

—0.03 

-0.47 

1 

H 

H 

H 

Cs 

JRgas 

8.74 





jRcryst. 

9-51 





Diff. 

+ 0-77 





« Fajans, Z. fhysik. Chem.y 130, 719 (192.7*). 
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smaller (more deforming) the cation and the larger (more 
deformable) the anion. In a few salts with large cations 
and small anions (KF, CsF, RbF) the change is in the 
opposite direction, since the effect of the anion in deform¬ 
ing the cation and making it more polarizable, predomi¬ 
nates. This effect is more marked in the oxides of the 
alkaline earths, as is shown in Table IV. 


Table IV 

Refractive Power in Gas and Crystal of 
Oxides of Alkaline Earths. 


BcO 

MgO 

CaO 

SrO 

BaO 

Rgas 7 • ^ 

7-3 

8.3 

9.1 

11.3 

jRcryst. » 3*3 

4-5 

7-4 

9.4 

11,6 

Difference +3.8 

+1.8 

■+•0.9 

— 0.1 

- 1.3 


The greater deforming effect of the cations of the B 
metals is shown by a comparison of the distances between 
the atomic centers in the crystals for the corresponding 
halides of sodium and silver. The salts given in Table V all 
crystallize in the sodium-chloride lattice, the values for 
silver iodide being obtained from a solid solution of this 
structure. 


Table V 

Atomic Distances of the Halides of Silver and 
Sodium, in Angstrom Units 


Silver 

Sodium 


Difference 


F 

Cl 

Br 

I 

1.46 

1.77 

Z.88 

3.05 

1,31 

1.81 

z.98 

3 - 2-3 

+0.15 

—0.04 

—0.10 

—0.18 


While there can be no doubt that the cations which, 
like those of the B metals, are not of the inert gas type 
have a greater deforming power, the attempt to work this 
out in detail by the methods which are successful with 
the inert gas ions leads to anomalies, owing no doubt to the 
compounds in question having gone over from the ionized 
to the covalent state, with effects on the refractive power 
which we do not yet fully understand. 

Thus the investigation of the deformation of the ions in 
a salt leads to these simple rules: The amount of the 
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deformation is greater (I) the larger the ionic charge; (II) 
the smaller the cation; (III) the larger the anion; (IV) for 
cations of other types than for those of the inert gas type. 

The importance of these rules lies in the fact that ex¬ 
perience shows that the greater the deformation which an 
atom in a compound would be expected to undergo if it 
were ionized, the more likely it is to pass over into the 
covalent state. If we consider that the electronic orbits of 
the atoms in a salt are separate from one another, while in 
a covalent compound they interpenetrate, a view for which 
there is much support, we can see that the greater the dis¬ 
tortion which the ions undergo, the more readily they will 
change their condition. 

The experimental evidence for the conclusion that 
these four “Fajans rules” will always tell us which of two 
similar compounds is likely to be ionized, and which to be 
covalent, is very wide. Many examples have been given by 
the writer,® and some of the more striking may be briefly 
repeated here. 

Rule I: Influence of the ionic charge. Restriction of 
ionization to elements of low valence, the earliest and 
latest groups of the Periodic Table, and the transitional 
elements which can exist in a low state of valency; the 
increase of hydration of ions with increase of valence, e.g. 
CsCl, anhydrous; BaCl2, i and x H2O; LaCls, 6 and 7 H2O. 

Rule II: Effect of size of cation. Ionization extends to 
elements of higher valence in the later than in the earlier 
periods of the Table, as is shown by the list in Table VI 

Table VI 


Li 

Be 

B 

c 

Na 

Mg 

A1 

Si 

K 

Ca 

Sc : 

Ti 

Rb 

Sr 

Y 

Zr 


® N. V. Sidgwick, The Electronic Theory of Valency (Oxford, 19x7); see especially pp. 
104-8, 117, 153, 191-2., 158. 
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where the dotted line marks off the area of ionization, 
and passes through those elements whose tendenep to 
ionize is weak. 

Further evidence is given bp the crystal structure; for 
example, BeO and AIN have covalent lattices, while MgO 
and ScN have ionic. In the same way AICI3 is not inrii!rp4 
’ in the fused state, while ScCls and YCI3 are. 

Rule III: Influence of size of anion. Among the halo- 
i gens the formation of covalent compounds should be easi- 
^ est with iodine and most difficult with fluorine. This is 
exemplified by the boiling points of the fluorides of alumi¬ 
num and tin as compared with those of the other halides of 
these metals (see page 5x). Again the formation of tri¬ 
halogen ions, [hals]”, is easiest when the linking atom is 
iodine; scarcely any trichlorides M[Cl3] exist and no tri¬ 
fluorides M[F3]. Silver fluoride, chloride, and bromide form 
only ionic lattices, but the iodide also forms a covalent 
lattice. 

Rule IV: Smaller deformation hy ions of inert gas struc¬ 
ture. The alkaline halides are all ionized even in the 
gaseous state: cuprous chloride, bromide, and iodide all 
have covalent lattices; silver chloride and bromide have 
ionic lattices (Rule III), but silver chloride has been 
shown to be covalent in the vapor (see page 58). Again, 
among the elements of Group 11 calcium, strontium and 
barium chlorides arc all strong electrolytes in water, while 
cadmium chloride is a poor electrolyte and mercuric 
chloride almost a non-conductor. ■ « 

The so-called “diagonal relationships” in the Periodic 
Table—the resemblances which an element shows to the 
element in the next higher group in the next period—such 

Table VII 

the diagonal relationship”. 
li Be B C 

Nk Na ^ 

Na Mg A 1 Si 

as are indicated by the arrows in Table VII, are largely, 
though not wholly, due to the fact that as cations these 
elements increase in deforming power with increase of 
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valence as we go to the right (Rule I) and diminish as we 
go to the lower period (Rule II); and these changes more 
or less neutralize one another. 

Just as the ions were originally treated as rigid struc¬ 
tures, so it was at first assumed that in the covalent link 
the two electrons were equally shared between the linked 
atoms. From this it would follow that the covalent link 
has no dipole moment.^ It has, however, become evident 
that in general this is not the case. Except where the two 
atoms are the same, the sharing of the electrons is unequal; 
one atom has more, and the other less, than half of the 
charge. The degree of inequality can be determined by the 
measurement of the dipole moment® by one or other of the 
methods which have been so greatly developed in recent 
years. It is interesting to see what this inequality amounts 
to in some simple molecules. For example, hydrogen 
chloride is undoubtedly covalent in the gaseous state. The 
distance between its atomic centers has been determined 
from the absoj^rion spectrum of the gas,® and is 1.X73A. 
Hence the ionized molecule, if we can assume the charges 
to be localized on the two nuclei, will have a moment 
of I.X73 X 4-774 X 10“^® = 6.08X10"^® e.s.u. The ob¬ 
served moment is 1.03, which is 17 per cent of this. The 
other halogen hydrides have a still smaller inequality, as 


Table VIII 


Link 

d 

4 - 774 '^ 

iUobs. 

III ^.77 A ^ 


I.X 73 

6.08 

1.03 

16.9 

H-Br 

1.410 

6.73 

0.78 

II .6 

H-I 

1.605 

7.66 

0.38 

5.0 

C-Cl 

1.83 

8.74 

1-5 

17.i 


is shown in Table VIII, to which the C—Cl link has been 
added, the value assumed for its moment being that calcu¬ 
lated on page 88; i is the distance in Angstroms between 
the nuclei, and ju the observed moment in e.s.u. X 10“^®. 
These facts show that the original hypothesis of equal 
sharing is not accurately true, but it would seem that the 
inequality is usually not more than 2.0 per cent. 

^ The co-ordinate link would have a moment o£js X where d is ^e distance 
between the two atoms. 

® Sec Chapter V, ® See Chapter III. 
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In order to see how far the ionic and covalent links are 
essentially distinct in their effect on the dipole moment, 
we ought to know how much the moment of a salt mole¬ 
cule (an ion-pair) is reduced by the deformation of its ions. 
Unfortunately we cannot measure this, because salts do 
not dissolve in non-polar solvents like benzene, and their 
vapors are too largely ionized for their dielectric constants 
to be determined.But we can get a rough ideainthefollow- 
ing way. If we compare the distances between the atomic 
centers in two salts A'B' and A"B" (where the strokes 
indicate the valence and A' and A" belong to the same 
period, and also B' and B"), e.g. NaF and MgO, or KCl 
and CaS, or Rbl and SrTe, we find that the increase of the 
charge on the ions causes a contraction of about 9 per cent. 
We may not assume that the change of the dipole moment 
is proportional to this, but it is probably not very much 
larger; so we may suppose that in a uni-univalent salt 
the moment diminishes by about 10 per cent, and in a 
di-divalent salt pair by about twice as much.^° 

We can thus conclude that in ionic linkage the defor¬ 
mation may cause the dipole moment to shrink by some 
xo per cent; while in the covalent link the unequal sharing 
of the electrons may lead to a residual moment amounting 
to as much as zo per cent of the original moment of the 
undeformed pair of ions. 

There thus appears to be a marked difference in the 
effect of the two kinds of linkage on the dipole moments; 
but of course it is not impossible that we might find ex¬ 
treme cases that would bridge over the gap. 

It often has been assumed that the two names ‘ ‘ electro- 
valent” and “covalent” only describe extreme examples of 
a continuous series of states, and that the covalent link is 
nothing more than a highly deformed elcctrovalent link. 
This view has been put forward, for example, by Fajans 
and by G. N. Lewis.Evidence has accumulated, however, 
in recent years which strongly supports the opposite view, 
that there is ah essential difference between the two 

»» A rough cstiniateof the motumtof the alkaliae halides, of about i.s.o,, 

was made by Wrede, by the beam method. See Chapter V, p. 135. 

It is noteworthy that molecules of the tvpc A*" B'" are always covalent. 

Sec further Z. EUktrochm.y 34, 42.6-5aa ^19x8}. 
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kinds of linkage. Before we come to consider this it should 
be made clear that the link between two atoms can un¬ 
doubtedly pass, with a change of conditions, from one 
state to the other. Hydrogen chloride and stannic chloride, 
for example, in the pure state or in presence of non-ionizing 
solvents such as the hydrocarbons, behave as covalent 
compounds; but in water they are both ionized. The two 
states can even co-exist in the same solution; a weak acid 
such as acetic when dissolved in water behaves as a mix¬ 
ture of a covalent (non-ionized) substance with a small 
proportion of an ionized substance. This does not, however, 
settle the question at issue, which is; whether such sub¬ 
stances undergo a definite change from one state to the other 
(or the two forms exist in equilibrium), or whether each 
molecule exists in a state intermediate between the two. 

It should ultimately be possible to decide the question 
by the methods of wave mechanics; and although that 
branch of physics has not yet developed far enough to 
give a complete answer, it has already thrown a good deal 
of light on the problem. The methods of calculation 
adopted will not be dealt with here, but the more impor¬ 
tant conclusions and the assumptions on which they are 
based may be stated as simply as the subject admits of. 

The application of wave mechanics to the shared elec¬ 
tron was originated by Hund, but most of the work has 
been done by London.The concept of shared electrons 
put forward by G. N. Lewis in 1916,^® which proved so 
fruitful in explaining the formulas of non-ionized mole¬ 
cules, had no real foundation in the older theory of 
atomic structure. The possibility of shared orbits enclosing 
two nuclei was not precluded by the Bohr theory, but that 
theory could not predict how such an orbit would behave, 
and so was unable to decide whether the change from an 
electro valent to a covalent link was gradual or sudden. 

W. Heitlcr and F. London, Z. Physik, 44, 455 (192.7) CH2); London,46, 455 
(1918); 50, 14 (19x8); Sommerfeld Festschrift (Leipzig, 1918), p. 104; Quantentheorie md 
Chemie (Leipzig, 19x8), p- 59; Z. Elektrochem., 35, 55X (19x9); Z. Physik, 63, 245 (1930). 
A general account of the conclusions is given by London in Naturwissenschaften, 17, 516- 
5x9 (19x9). A very clear description of the fundamental assumptions and of the chemical 
bearings of the results is given by C. N. Hinshclwood in the Annual Reports ... of the 
Chemical Society, ay, 11-18 (London, 1931). 

1® G. N, Lewis, J. Am. Chem. Soc., 38, 76X (1916)* 



44 


Electrovalence and Covalence 


It is therefore satisfactorj to those of us who have 
maintained throughout that there is a real distinction be¬ 
tween these modes of union, to find that the modern de¬ 
velopments of wave mechanics have completely justified 
our view. It is now recognized, on purely physical grounds, 
that there are two kinds of forces which can hold two 
atoms together in a molecule: the Coulomb force between 
oppositely charged particles, which was the force con¬ 
sidered by Kossel, and another force not deducible from 
classical mechanics even with the aid of the quantum re¬ 
striction, which approaches in character very closely to 
the original ideas of Lewis. It is not indeed, impossible 
that there should be molecules in which both of these 
forces are operative at the same time between the same two 
atoms; but it can be shown that this will rarely happen, 
and that in the great majority of instances the force uniting 
two atoms is practically entirely either of one kind or of 
the other. As London says ‘ ‘ Between the two possibilities 
there is an intermediate range in which a transition be¬ 
tween homeopolar [covalent] and hcteropolar [electro- 
valent] linkage occurs. ... It can be shown that this trans¬ 
ition range is relatively small, and that the extreme cases 
of purely homeopolar or purely hcteropolar links greatly 
predomiinate.” It is not possible here to give a detailed 
account of the argument by which the existence of the 
second force was established, but the general conclusions 
can be stated. 

If two neutral atoms, say two hydrogen atopas, ap¬ 
proach one another, their electrons must begin to affect 
one another even at a considerable distancc,“hy a kind of 
resonance effect. The sense of the force will differ according 
as the orbits in question are symmetrical or antisymmetri- 
cal.^® If they are antisymmetrical it will be a repulsion; 
but if they are symmetrical it can lead to an attraction. 
The relation thus set up between the two orbits, one be¬ 
longing initially to each of the two atoms concerned, is 

London, Naturwissenschaffen, 17, 515 (192.9). 

^ It must be remembered that in wave mechanics the electrical density around an atom 
is not sharply defined, as in the Bohr theory, but extends indefinitely into space with 
diminishing intensity. 

function is called antisymmetrical when if its variables arc exchanged its sign is 
reversed”—^London. 
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subject to the Pauli prohibition, which demands that the 
orbits must differ in at least one quantum number; and the 
only one in which they can difer is the electron spin,; 
which is initially undefined. The two orbits must therefore; 
have positive and negative spins respectively. This means 
that each orbit will, so to speak, exercise the Pauli prohi¬ 
bition for both of the atoms concerned. For example, an 
isolated hydrogen atom can carry two electrons, as it does 
in the negative hydrogen ion, H~; each of these is in a ii 
orbit, one having a positive and the other a negative spin. 
But if a neutral hydrogen atom, whose single electron has, 
say, a positive spin, forms a covalent link with a second 
neutral hydrogen atom, not only must the electron of the 
second atom have a negative spin, but when the relation is 
established neither atom has room for another electron in 
the first quantum group. This obviously corresponds ex¬ 
actly to the mechanism assumed by Lewis. The link consists 
in a relation established between two electrons, which 
explains what was previously very mysterious, why two 
electrons are necessary to it; and when it is established, 
each of the electrons “counts” for both atoms; each of 
them fills, or at any rate prevents any other electron from 
filling, one place on each atom. It follows that every un¬ 
paired electron in an atom—every electron which has not 
already got a fellow in the same orbit in the atom but with 
an opposite spin—can form a link with another atom which 
has a similar unpaired electron. The formation of the link 
pairs these electrons with one another and so prevents 
either of them from forming a further link with any other 
atom. This exactly corresponds with the chemical exper¬ 
ience that the formation of a link between two atoms uses 
up one unit of combining power for each of them. 

These conclusions can be expressed on a model in wave 
mechanics only by giving the distribution of electrical 
density round the atoms. This has been done for the hydro¬ 
gen molecule and the results are given by London.^’^ 
Speaking roughly, we may say that whereas the electronic 
orbits of two electrovalently linked atoms are separate 
from one another, those of two covalently linked atoms 
interpenetrate. 

See diagram in London, Naturwissenschaffen, 17, 5x1 (19x9). 
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The magnitude of the forces which arise in this way— 
the energy of formation of covalent links—cannot yet be 
calculated in any detail, except for the simplest systems. For 
the hydrogen molecule, however, it has been shown to give 
as the energy of dissociation volts, and as the distance 
between the two nuclei o.8o A,^® results in reasonable agree¬ 
ment with the observed values of 3.8 volts and 0.75 A."-® 
But although the absolute magnitude of the force can¬ 
not usually be calculated, we learn a very important fact 
about its variation with the distance between the atoms. 
This can be shown to be exponential, so that it must 



diminish very rapidly as the distance increases. On the 
other hand the Coulomb force between ions—the electro¬ 
static attraction—^falls off of course as the inverse square 
of the distance, and therefore much more slowly.®® This 
enables us to construct a diagram (although we cannot yet 
put in the numerical values) showing the variation, with 
change of distance between the nuclei, of the magnitude 

London, iMd., 519. 

S. C. Wmg, Phys, K0., 31, 579 (19x8). 

“Im ubrigen ist zu bemerken, dass die wic tf-^ abfallenden homdopolen Wirkungen 
cine vicl geringcre Reichweite haben als die mit dner Fotenz von i/R abfallcndcn Folar- 
isationswirkungen."—London, Z. Ekktroebm,^ 35, 555 Cx9X9). 
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of the forces involved in the formation of a link of either 
kind. This is given in Figure 3, where the curve C repre¬ 
sents the electrostatic (Kossel or Coulomb) force, and L 
the covalent force of London and Lewis. In the actual 
formation of the molecule, the approach of the atoms will 
be stopped at some point, owing to a third, repulsive 
force which is due to the resistance of the electronic orbits 
generally to distortion and the repulsion of the nuclei; 
this force changes still more rapidly with the distance, 
and so is perceptible only at very short distances. The re¬ 
pulsive will be equal to the attractive force for some 
value of d, which will be the distance between the nuclei 
in the molecule; but as the values are not determined we 
cannot say what this distance will be. It is obvious, how¬ 
ever, from the shape of the C and L curves and the angle 
at which they cut one another, that the range of distances 
over which both of these forces are operative to a com¬ 
parable extent is very small, being limited to a small 
distance on either side of the point of intersection, say be¬ 
tween the points B and D on the diagram. The resistance 
of the atom to deformation may stop the approach at any 
point. If this point lies to the right of D, the link will be 
^practically) wholly due to the electrostatic force, and 
therefore electro valent; if it lies to the left of B it will be 
(practically) wholly covalent. Only if the point happens 
to lie within the small range B~D will the resultant be 
of a mixed character; and since this distance is small, the 
formation of such a mixed link is not likely to be of fre¬ 
quent occurrence. This conclusion is entirely supported by 
the experimental evidence, as shown on page 51. 

The case however is really stronger than this. The alter¬ 
natives we have to consider are not whether the force be¬ 
tween two charged ions is electrovalent or covalent, which 
is what the diagram indicates. The question is whether 
two atoms which combine will ionize in doing so or not. 
The covalent London force can act of course whether they 
are neutral atoms or ions; but the Coulomb force vanishes if 
they are neutral.Thus the answer which wave mechanics 

21 This statement needs some modification in view of the mutual polarization of the 
atoms on close approach (van dcr Waals forced, which will cause even neutral atoms to 
exert an electrostatic force on one another; but the argument remains essentially valid. 
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gives to the question whether there is an essential distinc¬ 
tion between electrovalent and covalent links is this: 
There are two kinds of attractive forces possible between 
atoms, which we may call electrovalent and covalent. 
The second can exist whether the atoms are charged 
(ionized) or not; the first only when they are charged. 
The theory can thus account for linkages between un¬ 
charged atoms, and in these the Kossel (Coulomb) force is 
absent, apart from a small effect due to polarization. When 
the atoms are charged it is possible that both the Coulomb 
and the London forces may play an appreciable part in their 
linkage, but this is not likely to occur often. 



Whether the atoms in any particular molecule are elec- 
trovalently or covalently linked will depend on the amount 
of energy evolved in forming the two kinds of link. The 
general relations are shown in Figure 4. The ordinates give 
the energy emitted when one atom is brought from infinity 
to distances from the other represented by the abscissae. 
The curve X is for uncharged atoms (London force), C and 
C' are two possible curves for the Coulomb force. For these 
latter we have to take account of the energy change in¬ 
volved in converting the original neutral atoms into a 
positive and a negative ion. This always entails the ab- 
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sorption of energy,^^ and hence the C and C' curves must 
start from a lower base line than L. The approach of the 
atoms, as we have seen, is resisted at close quarters by the 
repulsion due to the deformation of the orbits, so that the 
curves pass through a maximum and ultimately become 
negative for very close approach. 

The atoms obviously will continue to approach one 
another as long as this evolves energy, and thus the maxi¬ 
mum of the curve gives, for each particular kind of linkage, 
the distance between the linked atoms and the energy of 
formation of the link. Which form of linkage-^whether 
between uncharged or ionized atoms—^is effected will de¬ 
pend solely on the relative values of the energy evolved by 
each. If C is the curve for the atoms in question in the ion¬ 
ized state, then, since its maximum is higher than that of 
L, we shall get an electrovalent link; if the ionic curve is 
C', which has a lower maximum than L, the link will be 
covalent. 

From the way in which the two curves cross each 
other, and because the ionic state represents separate 
and the covalent interpenetrating electron atmospheres, 
we should expect the atoms to be nearer together in co¬ 
valent compounds than in salts. We can test this experi¬ 
mentally by comparing for a series of compounds the inter¬ 
atomic distances found by Goldschmidt^® in the covalent 
crystals, with the sum of the radii of the same atoms in the 
ionized state as determined in their salts. It will be seen from 
Table IX that the theoretical anticipations are fulfilled. 

London has also investigated the question of the 
maximum number of covalences that an atom can form. 
His work so far covers only the elements of the first short 

22 Two isolated atoms can be converted into a cation and an anion (an electron being 
transferred from one to the other) only by the expenditure of energy. Even in the most 
favorable case of an alkali metal, which ionizes very readily, and a halogen atom, which 
has a large electron affinity, the work required to ionize the metal is ^eater than that 
gained by adding the electron to the halogen, if the atoms are assumed to be far apart; 
with potassium and chlorine the difference is about 0.5 volt (about 12. kgm-cal per gram- 
molecule). The large quantity of heat produced when potassium and chlorine combine is 
due to the energy evolved by this pair of ions when they come together owing to the Cou¬ 
lomb attraction, to form the salt. The energy needed to ionize the atoms is all recovered 
by the time the ions have approached within 19 A of one another; the further energy 
evolved when this distance is reduced, as it ultimately is, to about 3 A gives the heat of 
formation of potassium chloride from its constituent neutral atoms. 

28 Sec Chapter IE. 
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Table IX 




Sum of 

Dist. in 




ionic 

covalent 

„ Difference 

Compound 

radii 

crystal 

Angstrfim 

Per cen 

BeO 

1.66 

1.645 

0.015 

0.91 

MgTc 

x.8i 

x.y 6 

0.05 

1.8 

ZnS 

X .57 

Z.37 

o.zo 

8.4 

ZnSc 

Z .74 

2-45 

0.Z9 

11:8 

ZnTe 

X.86 

z. 64 

o.zz 

8.3 

CdTc 

3.06 

Z.80 

o.z6 

9-3 

Agl 

3-33 

Z.81 

0.5Z 

18.6 

period (Li-F). Here he finds that the maximum 

is A; this 

must obviously be so if 

we suppose that, as will normally 

be the case, the electrons paired in 

the covalences are all 


in the second quantum group, since this group is limited to 
8, and his system implies that for every valence electron 
utilized a second place in the group is occupied. He further 
finds that this limitation to 4 does not hold for elements 
in the second short period (Na-Cl). His conclusions so far 
as they go are in accordance with the covalence rule.^^ He 
has not yet carried his analysis further in this direction, 
and indeed has recently been occupied rather in strengthen¬ 
ing the foundations of his theory. When London comes to 
examine the behavior of the heavier elements it will be very 
interesting to see whether he finds the limit in the second 
short period to be 6, as the chemical evidence clearly 
indicates, or 9, which is the value one would expect his 
method to give, since the maximum number of electrons 
in the third quantum group is 18. 

A point arising out of this work is the covalence 
maximum for hydrogen. On the chemical evidence it must 
be admitted that hydrogen can form two covalent links, 
one of course by co-ordination. If we accept the Lewis 
theory, now supported by wave mechanics, the hydrogen 
atom in this condition must have 4 shared electrons. It has 
been stated that this is forbidden by the Pauli prohibition. 
Now the Pauli prohibition leaves this matter exactly 
where it was in the original Bohr theory. On that theory 
no atom can have more than z electrons in the first quan¬ 
tum group. London’s theory of sharing may be said to 
have made some diffetetice, inasmuch as it shows that, from 

See Sidgwick, Electronic Theory ofValemy (19^2.7), p. 152., 



Electro VALENCE and Covalence 51 

the point of view of the maximum size of a quantum group, 
shared electrons must be treated on the same basis as un¬ 
shared, which on the Bohr theory could not be proved, al¬ 
though it was generally assumed. It was always recognized 
that, so far as shared electrons could be regarded as form¬ 
ing part of the normal quantum groups, a co-ordinated 
hydrogen atom could have only two electrons in the first 
quantum group and must have the other two in the second. 
There is nothing in the London theory^® or in the Pauli 
rules to make this impossible. On the London theory the 
process of co-ordination must be regarded as a double one: 
an electron is first transferred from the donor to the ac¬ 
ceptor, and then the London relation is established be¬ 
tween this electron and one unpaired electron in the donor. 
When the acceptor is a hydrogen atom that has already 
formed one covalent link in the normal manner, and so 
has its first quantum group complete, the transferred elec¬ 
tron must go to the second quantum group. 

Thus the physical theory indicates that in the majority 
of instances the atomic link will be maintained practically 
only by one or by the other of the two kinds of force, and 
that links in which both kinds play any considerable part 
will at any rate be rare. This conclusion is supported by a 
series of arguments on the experimental side, which indi¬ 
cate that there is in practice a clear distinction between the 
two kinds of link, and a sharp change of properties when 
we pass from compounds of one kind to those of the other. 
These may be briefly enumerated and discussed. 

(i) The covalence rule, which is based on chemical 
evidence—on the examination of the structures of known 
compounds—^and is supported as we have seen by the 
theoretical investigations of London so far as they have 
gone, indicates that the number of covalent links which 
an atom can form is limited in accordance with its period 
in the Periodic Table, but no such limit is imposed on its 
electrovalence. For example, the limit in the first short 
period is four; but this is compatible with electro valences 
of —I, o, and -|-i in [BEJi", CH4, and [NKJ"*". This would 

25 In his discussion in Natarwissensciaften, 17 (192.9), London says (p. 52.3): “Wir schcn 
von solchcn Atomzustandcn ab, welchc aus dem Grundzustandc ntu: durch Anrcgung dcr 
Hauptquantcnzahl 2u errcichcn sind.” 
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seem to show that the two kinds of link have quite a 
different relation to the structure of the atom. 

(l) The evidence of the di;pole moments, as we have 
seen, is in favor of this view; it indicates that the ionic 
deformation does not diminish the moment of the link by- 
more than some zo per cent, while the covalent link re¬ 
duces it by at least 8o per cent. 

(3) Further evidence is given by the sharp distinction 
between salts and non-salts in volatility, solubility, and 
electrical conductivity. Thus the halides of an clement are 
either salts with high boiling points falling relatively 
slowly as the atomic weight of the halogen increases, or 
they have low boiling points which rise rapidly with this 
increase. As examples, compare the boiling points: NaF= 
1695°, Nal=i300 , a fall of zo per cent; SiF4= —90°, 
Sil4= -t-z9o°, a rise of zoo per cent. A particularly instruc¬ 
tive fact is that if we take an clement which in its general 
properties is intermediate between the metals and the non- 
metals, and which therefore might be expected to give, if 
anything could, halides which arc intermediate in charac¬ 
ter between salts and non-salts, we find that this does not 

Table X 

Boiling Points of Halides of Sodium, Silicon, Aluminum and 

Tin, at j6o mm. 


NaF 

NaCl 

NaBr 

Nal 

1695“ 

1441° 

HI 

0 

1300° 

SiF4 

SiCh 

SiBr* 

Sih 

-90° 

+57° 

153° 

ca. z9o° 

AlFg 

AlCla 

AlBrg 

All* 

ca. Sex)® 

183° 

x 6 o° 

0 

0 

SqF 4 

SnCh 

SnBti 

Snii 

705° 

114° 

zo3° 

300® 


happen. Its fluoride behaves as a salt with a high boiling 
point, while its other halides conform closely in behavior 
to the typical non-salts.*“ This is illustrated by the halides 
of sodium, silicon, aluminum,®’and tin, the boiling points 
of which are given in Table X and plotted in Figure 5. 

2 ® The exceptional position of Euorinc is in accordance with the Fajans theory. 

The fact that the non-salt halides of aluminum have higher boiling points than 
those of tin is of course due to their polymerization in the vapor. 
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In electrical conductivity again Biltz has shown that 
at their melting points all the chlorides of the elements 
with only two or three exceptions give values which are 
either greater than io“^ or less than io~'^. 

There are also, as we have seen, certain halides which 
in some conditions behave as salts, and in others as non¬ 
salts, such as stannic chloride and hydrogen chloride. If 
electrovalence and covalence are only the extremes of a 



Fig. 5 


continuous series of states, we should expect these com¬ 
pounds to be in an intermediate state and to have proper¬ 
ties on the line between those typical of the two classes. 
But we do not find this at all: on the contrary such com¬ 
pounds when they behave as salts, for example, in water, 
behave as ‘ good’ salts, and when they are covalent, as in 
the pure state, have the full covalent character. 

Q4) Another line of evidence, of enormous range, is 
that provided by organic chemistry, that covalent links 

28 Biltz, 2 . anofg. allgem. 3ix (1924)* and Klcmm, I5it, ^67 

(19x6). See also Sidgwick, EUctronic Theory of Valency^ p. 105. 
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are directed in space, while electrovalent are not. This 
was pointed out by Meisenheimer^® in 1908, in a discussion 
of the amine-oxides and the ammonium compounds. He 
showed that their behavior indicated that four of the 
groups attached to a pentavalent nitrogen atom retained 
their relative positions, and if they were all different could 
give rise to optical antimcrism; while the fifth group, 
which was ionized, had a wholly different relation to the 
molecule, and its position was uniquely determined by the 
other groups present. This distinction between the two 
different kinds of link is exemplified by many other re¬ 
sults of organic chemistry, by the evidence for the absence 
of free rotation in doubly linked compounds—^if the 
double link is only a double electrostatic attraction there 
is no reason why it should not allow of rotation of the 
attached atoms—and by the way in which a complicated 
organic skeleton, such as that of an alkaloid, retains its 
form through an elaborate multiplicity of reactions. If 
the covalent link is only an ionized link with a small 
dissociation constant, all organic isomers must ultimately 
go over into the most stable form. 

A more delicate proof of this is given by Hevesp’s 
work®® on radioactive indicators. If a salt of radioactive 
lead Q.e. lead containing a little of a radioactive isotope) 
is mixed with an inactive lead compound (_e.g. inactive 
lead nitrate and active lead chloride) and the two are 
separated after solution, then if the second compound was 
ionized as well as the first the activity will become equally 
divided between the two. But if one of the compounds is 
not ionized then its lead atoms retain their attached 
groups throughout, and after separation the activity is 
found to be still confined to the compound which origin¬ 
ally possessed it. Owing to the rapidity with which 
ionization and de-ionization take place—the velocity be¬ 
ing too great to be measured, as we know from the be¬ 
havior of weak electrolytes like acetic acid—this test is 
very delicate, and even a minute degree of ionization is 
enough to secure a uniform distribution of the activity in 

Mciscnhcimcr, 41, 3966 (1908). 

G. von Hevesy and Zcckmei&ter, Ber., 5^410 (19x0); Z. Mkhrochm.. 151 (19x0). 

See also Pancth, Badio-Elermnts as Indicators fCkis Sbribs, v. x, New York, 19x8), p. 47f. 
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a short time; this occurs for instance with lead tetraacetate 
which is almost wholly in the covalent form, and where 
no other test will detect the presence of quadrivalent lead 
ions. But with a compound like lead tetraphenyl no re¬ 
distribution occurs, showing that there is no ionization. 

(5) Another line of evidence is derived from the 
X-ray examination of crystal structure, which shows that 
crystal lattices can be divided into two classes, the ionic 
and the molecular. This will be discussed further in the 
next chapter, but some of the more striking examples 
may be quoted here. Grimm and Sommerfeld®^ have shown 
that crystals of the composition AB (such as NaCl, CSi) 
form four types of lattice. Two of these, the CsCl (8: i) and 
the NaCl (6:1) lattices, are clop-packed and these are 
found to be given by compounds Which in other ways be¬ 
have as salts. The other two, the diamond and the wurtzite 
lattices, both 4:1, and both very similar, which are not 
close-packed, occur with compounds for which Fajans’ 
theory leads us to expect high deformation. The difference 
in closeness of packing is exactly what should occur if in 
the former (salts) the attraction is electrostatic and so not 
directed, while in the latter it is directed owing to the 
interpenetration of the electronic atmospheres. That the 
valence forces really are electrostatic in one type but not 
in the other is strongly supported by a discovery by Gold¬ 
schmidt.He showed, as has already been mentioned, that 
if we compare two compounds A'B' and A"B" (where A' 
and A" belong to the same period, and also B’ and B") 
the interatomic distance is from 8 to 10 per cent less for the 
divalent elements than for the univalent, as is illustrated 
in Table XL 


NaF 

^.310 

Table XI 
m 3.139 

Rbl 

3.663A 

MgO 

X.I04 

CaS 2.. 843 

SrTe 

3-32-4 

Di£F. 

o.io6 

O.Z96 


0.339 


8.9 

9-4 


9-3 


This is to be expected, since the double charge crushes the 
atoms together more. If, on the other hand, we make a 

Grimin and Sommerfeld, Z, Fhysik, 36, 36 Ci9i6). 

82 Goldschmidt, Z. Ekktrochm., 34, 459 (19218). 



Electrovalence and Covalence 


56 

similar comparison between compounds with lattices of 
the 4:1 type, the valence of the ions has practically no 
effect, the distances seldom varying hr i |^r cent over the 
whole range of valences from i to 4 (See Table XII). This 

Table XII 

Agl CdTc InSb SnSn 

Dist. i.8ii 2..799 2..793 .i.79A 

again is to be expected if the bond here is not the elec¬ 
trostatic charge, but the sharing of electrons. 

Other examples of the light thrown by crystal struc¬ 
ture on the nature of the atomic linkage are given in 
Chapter III. ^ 

(6) Another distinction between covalent and elec- 
trovalent links, which likewise indicates a perfectly sharp 
division, has been established by Franck and his pupils. 
This depends on the dis'sociation of the molecules by light. 
When light is passed through a polyatomic gas it gives a 
band spectrum, each band consisting of a series of regularly 
spaced lines, due to the absorption by the molecule of 
successive quanta of oscillational energy. At a certain point 
towards the violet, these lines are replaced by a range of 
continuous absorption. This means that when the molecule 
has absorbed a certain amount of oscillational energy its 
atoms separate from one another and the molecule is dis¬ 
sociated. When this happens, the absorption of individual 
oscillational quanta—and hence the line series—ceases; the 
molecule can absorb all the shorter wave-lengths, because 
the extra energy beyond that required for dissociation is 
transformed into kinetic energy of the products of dissocia¬ 
tion, which fly apart with increasing velocity. Thus the 
beginning of the continuous absorption gives us the wave- 
lei^th and therefore the energy of the light which is just 
sufficient to dissociate the molecule. Now the heat of dis¬ 
sociation of a gas can often be determined in another way, 
by observing the change of the amount of dissociation with 

“ Franck, Kuhn and Kolldfson, Z. Pijuik, 43, 155 (19^7); Spoaer, Z. Bltkprochm., 
34 . 483 Ci 92 - 8 )- 
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temperature. We may take iodine as an example. Its 
thermal dissociation, which is known to break up the 
molecule into two neutral atoms (not ions), indicates that 
the heat of dissociation is 34.5 kgm-cal per gram-mole¬ 
cule. On the other hand the energy corresponding to the 
beginning of the continuous absorption in the spectrum is 
found to be 56.7 kgm-cal. It is therefore clear that the 
photodissociation gives rise to atoms having more energy 
by about xz kgm-cal than the normal neutral atoms. It 
can be shown that they are not ionized, and so one or both 
of them must be excitied, that is, in a higher quantum state 
than the normal. The atomic spectrum of iodine shows 
that the first stage of excitement, the smallest quantum 
jump, corresponds to an energy oj^zi.5 kgm-cal per gram- 
atom. Since 34.5 (heat of thermal dissociation) H- zi.5 
(excitement of one atom) =56.0, and the observed energy 
of photodissociation is 56.7, it is clear that the iodine 
molecule I2 is dissociated by light into two neutral atoms, 
one of them excited. 

On the other hand if a definite salt molecule, such as 
sodium chloride, is exposed to radiation, we find the same 
phenomenon of a series of lines followed by continuous 
absorption, but the point where the latter begins shows 
that the energy of photodissociation is that required to 
break up the molecule into two neutral unexcited atoms. 
That they should be neutral atoms is perhaps at first sight 
surprising, as we might have expected that the atoms 
which were ionized before dissociation would remain so 
afterwards; it is easier to understand when we realize®^ that 
the conversion of dissociated ions into neutral atoms is an 
exothermic change. 

The behavior of covalent molecules like iodine, where 
one of the resulting atoms appears with an electron in the 
next higher quantum state, is no doubt to be explained 
ultimately by the mechanism of the tearing away, so to 
speak, of the shared electron. 

It is thus clear that the dissociation of a molecule by 
radiation can occur in two ways; the products are always 

^ Sec note page 49. 
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neutral atoms and not ions, but if the link is electrovalent 
the products are normal (unexcited) atoms, whereas if it is 
covalent one of the atoms is excited. 

This gives us a sharp distinction between the two types 
of linkage. All the molecules so far examined have given 
quite unambiguous results, and show that their linkage is 
either of one kind or of the other. Examples of molecules 
dissociating in the first way, into two neutral atoms, one 
excited, are: CI2, Br2, I2, O2, H2 and S2. The second kind 
of dissociation, into two neutral unexcited atoms, is shown 
by NaCl, Nal, KBr and RbBr. These are, of course, typical 
representatives of the two classes of compounds, and we 
should expect them to differ sharply in behavior.®^ It is 
more interesting to cofl^ider the results obtained with 
molecules whose character is less obvious. The number of 
these which have so far been examined is not large, but it 
includes two important groups, the halogen compounds of 
hydrogen and of silver. 

The halogen hydrides, from their undoubted high 
ionization in water, were for a long time supposed to be 
ionized even in the gas, in spite of this gas having all the 
ordinary characteristics of a covalent substance. Now, 
however, it has been shown®® that the photodissociation of 
hydrogen iodide leads to the formation of a normal hydro¬ 
gen and an excited iodine atom. Similar results have been 
obtained for hydrogen bromide, and no doubt the chloride 
behaves in the same way. 

As regards the silver halides, the evidence of crystal 
structure shows that while cuprous chloride, bromide and 
iodide arc all of the diamond type, and hence must have 
molecular (covalent) lattices, silver chloride and bromide 
have a sodium-chloride lattice and so arc ionized in the 
solid; and silver iodide crystallizes in two forms, of which 
one is ionic and the other not. This agrees with the simple 
Fajans theory. The copper and silver ions, being much 
smaller than those of the alkalies, arc more likely to de¬ 
form the anions up to the point of forming a covalence; of 

The results are imponmt as showing that the alkaline halides arc ionized not only 
in the solid but also in the gaseous state. 

w For references, sec Sponcr, Z, Ekktrochm., 34, 487 (19x8). 
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the two copper, being the smaller, should have more de¬ 
forming power; while of the halogens, iodine is the most 
deformable and so the most likely to become covalent. 
Thus the facts observed for the crystals: 

Cl Br 

Cu' covalent covalent covalent 

Ag ionic ionic < covalent 

I ionic 

are a good exemplification of the theory. 

This, however, applies only to the crystalline state. In 
the vapor the deformation may proceed further, because 
each cation is affecting only one anion, and as these sub¬ 
stances are on or near the line where deformation passes 
over into covalence, it might well happen that the extra 
deformation in the vapor was enough to make the molecule 
cross this line. Accordingly we find that silver chloride is 
dissociated by radiation into a normal (neutral) chlorine 
atom and an excited (neutral) silver. The same thing occurs 
with the bromide and iodide. Thus while all three give 
ionic lattices, and all but the iodide only ionic lattices, all 
three form covalent molecules in the vapor. If the differ¬ 
ence had been in the other direction, a covalent crystal 
giving an ionized vapor, it would have been inexplicable. 

The photodissociation thus gives us another criterion, 
which separates molecules sharply into two classes, 
covalent and ionized. 

(7) A detailed study of the results obtained by Fajans 
for the deformation of ions also gives proof that the 
covalent link is essentially distinct from the electro valent. 
The beautiful regularities which he observes with the less 
distorting elements of the A sub-groups, and the clear 
relations he establishes among these elements between the 
size of the cation and its deforming power,®^ no longer hold 
when we come to the elements of the B sub-groups (for 
example, zinc, cadmium, and mercury) with their greater 
power of deformation. The results are then much less 
regular; indeed Fajans expressly points out that here we 
have to assume specific differences between different 
cations which are not directly related to their size. It is 

37 See Figures i and x, pp. 34, 37. 
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evident that as long as he is dealing with ionized molecules 
—and his compounds of the A elements are nearly all of 
the ionized type—the problem is simple. But with the 
B elements the results are complicated by the appearance 
of a new set of phenomena, those of covalence. 

(8) The same conclusion emerges equally clearly from 
the calculations by Born, Land6, Heisenberg, and others,®* 
of the lattice energies and theoretical heats of formation of 
compounds. These are founded on an ionic conception of 
atomic linkage, but they take account of the deformation 
of the ions, and should therefore be applicable to all 
molecules if all molecules are essentially ionic. They en¬ 
able us to calculate approximately the heats of formation 
of all compounds known and unknown; these heats 
should have a positive value for compounds which exist, 
and a negative for those which do not exist. If we confine 
our attention to existing compounds, we find that so long 
as these arc salts the calculations give the expected re¬ 
sults; but when we come to non-salts the calculated heats 
have no relation to the stability of the actual compounds, 
and molecules which are really very stable appear to be 
highly endothermic. Thus, to take only the chlorides of 
the elements of the two short periods, LiCl, NaCl, MgCla, 
and AlCh are all found to be exothermic, as of course they 
should be. But the heats of formation of Beds, BCI3, CCI4, 
and FCl are found to be practically zero, and those of 
SiCU, PCI3, and CI2 to be nighly negative. It is evident 
that the conception of ionic linkage is applicable to the 
first of these classes of compounds, but not to the rest. 

Thus a scries of quite different lines of argument based 
on experiment all go to show that there arc two possible 
forms of linkage between the atoms in a molecule, and that 
the two can in practice be sharply distinguished. When we 
combine these results with the conclusions of wave me¬ 
chanics, we see that they arc in complete agreement with 
the theoretical deduction that two kinds of forces are 
possible between atoms; and that they strongly support 
the conclusion, which the mathematical theory renders 

For a short account of the methods and their results, sec E* Rabinowitsch and E, 
Thilo, Feriodischs System (Stuttgart, 1930), pp. xyi-xSi. 
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probable but in its present form does not prove, that any 
actual link between atoms is due practically only to one, or 
to the other of these forces, and that links in which both 
kinds play any considerable part—blinks which are truly 
intermediate between an electrovalence and a covalence— 
rarely if ever occur.®® The controversy as to the distinctness 
of electrovalent and covalent links has been going on as 
long as there has been any electronic theory of valency at 
all, and the experimental evidence has always seemed to be 
in favor of the distinctness. But the question could not be 
settled until the physical theory was developed, and when 
this development came it proceeded entirely along the 
lines of assuming a gradual change, and appeared to sug¬ 
gest that one form must pass over into the other by a con¬ 
tinuous series of stages. It is now clear that these con¬ 
clusions are not incompatible. With a continuous change of 
one parameter, the interatomic distance, there is a con¬ 
tinuous change from a state in which the electrovalence 

5 redominates to that in which the covalent force pre- 
ominates. But the shapes of the curves are such that the 
chances are strongly against the two forces in any particu¬ 
lar link being of comparable magnitude—against the link 
being really mixed; and the experimental evidence shows 
that in fact the great majority of links, and perhaps all, 
can be classified as being due to one or to the other force, 
and not to both. 

39 At the same time the possibility of such links being occasionally found should not 
be overlooked. 



CHAPTER III 

Dimensions of Covalent Links 

H aving seen what are the conditions which lead to the 
formation of covalent links, we can now consider 
these links in more detail. G. N. Lewis has said, with 
some justification, that covalent links are the only true 
links in chemistry. The attachment between ions—the 
electrovalent bond—is essentially not between atoms as 
such, except where the ions happen to be monatomic, but 
between the charged molecules which as wholes consti¬ 
tute the ions. The strength of the link, its direction, and 
the distances between the ions, all are dependent on the 
particular circumstances of the salt. The covalent link, 
on the other hand, is a real attachment or Junction be¬ 
tween specified ions. The linking electrons form part of 
both of them, and the linkage involves definite physical 
properties, dependent no doubt to some extent on the 
physical surroundings of the molecule, but primarily de¬ 
termined by the nature of the linked atoms. Our object is 
to discuss some of the more important of these physical 
properties, and the methods by which they can be in¬ 
vestigated. 

Of the properties of covalent links some concern one 
link only, ana others have to do with the relation of 
several links of the same atom to one another. The most 
obvious of the properties of an individual link is its length, 
the distance between the nuclei of the two linked atoms. 
The next is its strength, the work required to bend it or 
to stretch it, or to break it entireljr, this last being the 
same thing as the energy given out in its formation. Then 
we have the question or the proportion in which the link¬ 
ing electrons are shared between the two atoms, the 
electrical dipole moment of the link. These questions will 
be discussed in this and the next two chapters. In Chapter 

6i 
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VI I shall consider one of the most important of the re¬ 
lations between two links of the same atom, the angle be¬ 
tween them; this is the subject generally known as stereo¬ 
chemistry, but recent developments have shown that in 
dealing with it the limited methods of organic chemistry 
can be supplemented by the evidence from a whole series 
of physical determinations. Many other properties of the 
covalent link might be enumerated: the polarizability of 
the molecule, which depends on the linkage of its com¬ 
ponent atoms, determines the refractive power and the 
volatility of the compounds; the state of the electronic 
orbits zffccts the magnetic behavior. The list might be 
continued indefinitely, but it seems better in this book to 
deal with a small number of the more important proper¬ 
ties in detail. 

There is one general difficulty which arises in the in¬ 
vestigation of any property of a specified link A-B. Most 
links are found not alone but only in conjunction with 
other links in polyatomic molecules. Even if we are able 
to examine a molecule A-B that contains only the link in 
question, the information which we gain is of limited 
value, except in so far as it can be extended to the be¬ 
havior of this link in more complicated molecules. We 
can therefore make little progress unless we can assume 
as a first approximation that the properties of a link are 
unaffected by the other links present in the same molecule. 
This assumption is certainly not strictly true; indeed we 
may expect that outmost valuable information as to the 
relations between structure and behavior will be derived 
from a study of the influence of links on one another. But 
as a first approximation the assumption can be shown ex¬ 
perimentally to be legitimate. We must not make use of 
it, however, in examining any property without inquir¬ 
ing into the evidence for its validity as applied to that 
particular property. 

The present chapter deals with the length of the cova¬ 
lent link, the methods by which it can be determined, and 
the results to which they lead. 

This question is often stated in a different way, in 
terms of the sizes of the constituent atoms. But the more 
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the subject is studied, the less definite does this idea of 
absolute atomic size appear. So long as the atoms were re¬ 
garded as rigid structures the matter seemed simple; it was 
only necessary to ascertain their radii, and the problem 
was solved. But as Debye^ says: “the time when it was 
allowable to play with molecules as if they were hard 
billiard balls is past.’’ It is very difficult, and the difficulty 
is immensely increased by the new conceptions of wave 
mechanics, “ to say exactly what we mean by the “ outside” 
of an atom. If as is probable, the electronic atmospheres 
of two covalently linked atoms interpenetrate, the sum of 
their radii must be greater than the distance between their 
nuclei. These difficulties are not only great, but from our 
point of view they are unnecessary. The definition of the | 
size of the link as the distance between the nuclei of the ^ 
two atoms is quite unambiguous, and this distance can be 
measured by various physical methods.^ At the same time: 
we obviously want if possible to get an idea of the contri¬ 
bution of each atom to the link, and the simplest way 
would be to regard the distance as made up additively of 
two parts, one depending on each atom. The experimental 
evidence indicates that this is justifiable, and that with 
certain limitations the additive law holds; in other words, 
that as long as the links are similar, their length is the 
sum of two distances, one for each atom.^ The phrase 
“atomic radius” will be used in this sense, as meaning, 
not the true radius of the atom, whatever that may be, 
but the “effective” radius, the contribution which each 
atom may be regarded as making to the length of the link. 

^ Dcby’c, Schwehi. Naturf, Ges.^ a, 118 (1916). 

* For a calculation of the true atomic radii on the principles of wave mechanics see 
L. Pauling,/. Am, Chm, Soc.^ 49,765 (x^zy);Pm. Rmy. S&e. Lond&n^ A-114,181 (,1^x7). 

8 The volume occupied by a molecule can, of course, be found b^ dividing the mole¬ 
cular volume by the Avogadro number (the number of molecules in a gram-molecule). 
But this quantity is of lime value, because it takes no account of the geometrical proper¬ 
ties of the crystal; a great advance was made when W. L. Bragg suggested—JP^i/. MW., 
[6] 40,177 (i^Lo^—the calculation of the "atomic radii" from me distances between the 
atoms in the crystal as determined by X-ray analysis. Later work has shown, as we 
have already seen, that his original values arc subject to modifications, but they pointed 
the way which has led to important developments. 

4 The question of the way in which the nature of the link affects the "radius" of the 
atom, is one of great importance, and will be discussed later. 
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METHODS OE MEASURING LINKS 

The methods by which the length of a link can be 
measured fall into three classes, according to the agent 
employed, which may be X-ray or visible or infra-red 
radiation or lastly, though this method is only beginning 
to be developed, cathode rays. 

"K-ray M.ethods 

The most familiar application of X-rays is to the de¬ 
termination of crystal structure.® The power which the 
electrons of an atom have of scattering X-rays enables the 
crystal to be used as a grating,® since the interatomic 
distances are of the same order of magnitude as the wave¬ 
lengths of these rays. The spacing of the grating can thus 
be measured if the wave-length is known. A compound will 
give several series of lines of different intensity, depending 
on the scattering power of its various atoms. The measure¬ 
ments can be made with accuracy, and if the arrangement 
of the atoms in the molecule can be determined (alternative 
arrangements are sometimes possible), we can calculate 
from them the distances between pairs of atoms in the 
molecule. 

This method has been extended by Debye and Scherrer’^ 
so that it can be used where it is not possible to obtain 
individual crystals of any size. Debye and Scherrer showed 
that when a narrow pencil of X-rays is sent through a mass 
of powdered crystals, those fragments which happen to be 
in the right position with respect to the beam will reflect 
the rays, and thus a series of rings is obtained from whose 
separation the spacing of the atoms can be determined.® An 
ingenious development, invented by Wyckoff and adopted 
widely by Goldschmidt, has proved of great service. This 
consists in mixing the powclered crystal with powdered 

® For the details of the measurements see, for example: W. H. and W. L. Bragg, Xrrays 
and Crystal Structure, 132.5; R- W. G. Wyckoflf, The Structure of Crystals, (Am. Chem. Soc. 
Monographs, No. 19, 1314,* id cd. i 33 i 5 - 

® There is this difference from an optical grating, that the rays are not reflected wholly 
from the surface, but penetrate several layers deep into the crystal. 

^ P. Debye and P. Scherrer, Nachr. Ges, Wiss. Gottingen Math-^-physik. KJasse, 1916, 
16; Physik. Z., 17, 177 (i3iO- See also A. W. Hull, Phys. Rep., 10, 661 

8 They even extended this method to liquids—^Debye and Scherrer, loc. cit.; see also 
C. Drucker, Physik. Z., 2>g, 173 (1318)—^but owing to the difficulties of interpretatiott 
mentioned in the next paragraph, this application has been but little used. 
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sodium chloride; the rings of sodium chloride then appear 
on the same plate with those of the substance under in¬ 
vestigation, and give a very simple and accurate method 
of calibration.® 

Quite recently Debye has been able to obtain X-ray 
interference figures from the molecules of a gas or vapor.^® 
This is of exceptional importance. In the solid state the 
molecules are under some restraint and the distances be¬ 
tween their atoms may therefore be modified. The results 
obtained with liquids are peculiarly difficult to interpret.^ 
If, for example, the figures obtained with liquid carbon 
tetrachloride indicate a certain uniform distance between 
chlorine atoms, we cannot tell from the diagram whether 
these are atoms in the same molecule, or neighboring 
atoms in different molecules. With a gas this difficulty 
does not arise. On the other hand, the scattering power of 
the small quantity of material in a given volume of gas is 
minute compared with that of a solid or liquid, and great 
experimental difficulties had to be overcome before definite 
images could be obtained in a reasonable time. It has 
now been found possible to work with exposures of not 
more than 4 or 5 hours, and the results tell us the dis¬ 
tances separating the atoms in the unconstrained gaseous 
molecule. The later work has shown that the calculation 
of the results in the form given in the earlier papers, in 
which the atoms were treated as points which caused 
scattering, is inaccurate. The scattering is really due to the 
electron orbits, and allowance must be made for this as 
well as for the Compton effect, which complicates the 
calculations. These mathematical difficulties have now 
been overcome, however, through the work of Heisenberg. 

»Accordiiifif to Goldschmidt, *‘Geochemi$chc VerteilungigcsctSJc dcr Ekmcote*' 
(Oslo 1917), vTH, p. xt, the accuracy of the lattice measurements by this method is 
within 0.05 to o.i pw cent, 

P* Debye, L, pcwilogua, and F. Ehrhardt, Z., 30, 84(19x9); Btr, VtrhmdL 
sdchs, Akad, Wiss, Ltipxdi Matk-pfys, Kldtse, 8x, X9 (19x0); P. Debye, Phsik, Z.. 30, 
5x4 (19x9); Um, 31, lip., 419 (1950); Bm. BUpfs. S&e, 4% 340 (i9w; 2. Ektro^ 

chm,, 36, 611 (1930); me true values of the distances arc those given in the last of these 
papers. See also L. Bcwilogua, P&j/sik, Z.,SAf (j93i); H. Mark, Z. mt$m, 44, 
12-5 C^ 30 i H. GaXewskij Z., 3X, xi9 (193*). 

For methods by which this difficulty may te oirercomc see P. Debye, JPkysM. Z., 31, 
348 (1930); P. Debye and H. Menke, Fifystk. Z., 3X, 797 CX930). 
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The corrected values for carbon tetrachloride, chloroform 
and methylene chloride are given in the last of the papers 
quoted above. Their bearing is discussed in Chapter VI, 
page 133. The method of Mark and Wierl is very similar to 
this, except that it uses electron rays in place of X-rays; it 
is discussed below Cp3.ge 73) and a list of the results ob¬ 
tained by the two methods is given in Table XXI (page 89). 


M.easurements with Visible and Infra-red Hadiations^^ 

It is now recognized that band spectra—spectra con¬ 
sisting of a large number of closely spaced lines—are only 
produced by polyatomic molecules, and not by single 
atoms. Every line in a spectrum of course corresponds to a 
change in energy of the emitting or absorbing molecule, 
its frequency v being related to the change from energy 
El to energy E2 by Bohr’s equation 

El — E2 = hv 

where h is Planck’s constant, 6.55 X 10“®^ erg-second.If 
the source of the line is an atom, the only possible energy 
changes are those in which one or more electrons jump to 
another quantum orbit, and these involve large amounts of 
energy, usually of the order of i to 10 volts, corresponding 
to between iz,ooo and i,zooA.^® These electronic quantum 


13 See Mecke, Bandspktra (Berlin, 192.9); Cl. Schaefer and M. F. Matossi, Das Ukrarote 
Spktrum (Berlin, 1930). 

1^ This is for an emission line where Fi, the energy before the change, is greater than 
F2; for an absorption line E2 is the energy before the change, and Ei after. 

IS The phrase “an energy of i volt,” or, as it is sometimes more accurately expressed, 
“i electron-volt,” is a current abbreviation for the energy acquired by an electron in 
falling through a potential drop of i volt, which is i.59iXio“i2 erg; the energy is of 
course proportional to the voltage. Thus for i volt energy 

= 1.591 X io“i 2 
_ 1.591 X 10-^^ 

6.55 X 
= x.42.8 X 


Since the product of the frequency and the wave-length is equal to the velocity of light, 
^ ^ X.9986 X loio 

wave-length = xTo»' 


For an energy of V volts. 


= ix,35oA 

Frequency = 1.4x8 X 10^^ X V 


11,350 o 

Wave-length = — y — A 
(Continued on bottom of next page') 
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jumps occur with polyatomic molecules as well, but in this 
case other changes are also possible, which are of two 
kinds.“ The atoms in the molecule have a certain amount of 
energy of vibration or oscillation in the line joining them, 
and this can change by quanta each roughly of the order 
of o.i volt. Every electronic quantum change may be ac¬ 
companied by the gain or loss of one or more of these 
vibrational quanta, and thus the spectrum contains a 
series of lines fairly evenly spaced at distances (for lines in 
the visible) of something like 30oA.^'^ A series of still 
smaller energy steps is given by quantum changes in the 
rotational energy of the molecule round an axis perpendicu¬ 
lar to the line joining the atoms; these are of the order of 
o.ooi volt and cause each of the vibrational lines to be 

Table XIII 


Conversion Factors for Absorption and Emission Spectra 




Energy 

Calorics 


Wave 

Number 

Separation 
in band of 

Transition 

Volts 

per gm.-mol. 

Wave-Length 

(cm"i) 

6000A 

Electronic 

I-IO 

X3 to Z30 
kgm.-cal$. 

1X,350 to 
i,x35A 

8,100 to 
81,000 

(6000A) 

Oscillational 1 
or 

Vibratiopal J 

[ i/io 

1 

1*3 kgm.-cals. 
X300 cals. 

ix3,50oA 

»ix.35/i 

810 

3 00 A 

Rotational 

x/xooo 

X3 cals. 

1135/r 8.1 

=0.1135 cm 

3A 


Energy of i volt or i electron-volt == X erg 13.07 kgm.- 
caL per gm.-mol. 

1 caloric » 4,19 X xd^ ergs. 


Hence the wave-length of the radiation caused by the emission of a single vibrational 
quantum of o.i volt energy is ix3,5ooA, or ix.35/*; that due to a rotational quantum of 
O.OOI volt energy is 1x35/* or 0.1x35 cm. On an electronic line of 6000A (yellow light), 
the addition of one such vibrational quantum will make a difference of about 300A, and 
that of a rotational q^uantum, of about jA. Spcctroscopists commonly express their 
results, especially wim band spectra and Raman spectra, in terms of wave-numbers 
(cm“"0 which arc proportional to the frequencies but arc referred to the centimeter and 
not to the second: wave-number -■ waves per seco nd 

velocity of light 


Table XIII gives the values of some of the relevant conversion factors. 

18 Sec W, E. Garner and J, E. Leonard-Jones, Tram. Farad^ Sdc., 2,% 611 (19x9). 
17 All values of dimensions given in this chapter arc expressed in Angstrdms (lA « 
lo”® cm). 



Band Spectba 


69 


subdivided into a group separated only by something like 
3A. To a first approximation these rotational energy 
levels have an energy given by the expression 

^ k’^KCK+x') 

where K is the rotational quantum number, and I is the 
moment of inertia of the molecule. It is this last fact which 
gives the band spectra their importance for our present 
purpose; they enable us to determine the moment of inertia 
of the molecule, which for a diatomic molecule is 


I = 




where mx and are the masses of the atoms, and d is the 
distance between them. Thus, as we know the masses we 
can calculate the distance.^® 

It should be observed that strictly speaking this dis¬ 
tance is not quite the same as that given by the X-ray 
measurements. The moment of inertia is determined solely 
by the masses and hence by the nuclei of the atoms, and so 
gives us the internuclear distance. The X-ray scattering is 
not caused by the nuclei, but by the surrounding electrons; 
the “center” of the atom which it indicates is therefore 
not the nucleus, but the center of action of these electrons. 
For an isolated atom the two coincide; but the linked 
atoms are to some extent polarized, and hence a correction 
should be applied to the X-ray results.^® With the crystal 
data this correction is usually negligible, because the 
deformation of the electronic orbits has much less effect 
when it is symmetrical,^® but in the experiments with 
gases it may become measurable. 


Since a gram-atom contains 6.062. X atoms, an atom of atomic weight/I weighs 
AX 1. 650 X io~^^ gram. Hence for a molecule of two atoms with atomic weights Ai 
and A2: 

A A 

1 — X 1.650 X io “24 X 

or 

^2 = 0. 6o6x X 10^^ XIX j ^ 

yll,XL2 

See Debye, Physik. Z., 31, ^19 (1350); Z. Ekhrochem., 36, 612. (1930). 

20 It should however be taken into account in dealing with the less symmetrical crystals 
^Goldschmidt’s “contrapolarization”). 
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The magnitude of the rotational quanta, and hence the 
moments of inertia, may be determined in another way. 
These small amounts of energy can be emitted and absorbed 
by the molecule without any electronic jump, either alone 
or in association with vibrational quanta. Both kinds are 
so small (see Table XIII) that the resulting waves lie in 
the infra-red, the vibrational being about iom and the 
rotational about looojtt, the latter appearing as a band 
structure of the former with a separation of the order of 
o.oiju or looA. They can thus be observed by the methods 
of infra-red spectroscopy. The manipulation is difficult, 
however, and the measurements are far less accurate than 
those of visible or ultra-violet bands, since infra-red 
radiation cannot be photographed; but a considerable 
amount of work is being done in this direction. 

A new method of observing infra-red frequencies was 
discovered by Raman in 19x8.®^ He showed that if a strong 
beam of monochromatic light passes through a medium, the 
scattered light gives on resolution, in addition to the un¬ 
changed raaiation, a series of lines lying on both sides of 
it. The differences of energy corresponding to the separa¬ 
tion of these lines from that of the incident beam, agree 
with the energies of the infra-red spectrum of the medium 
where this is known. There can be no doubt that some of 
the incident light in the course of its reflection by the 
molecules of the medium loses or,—less frequently—spicks 
up one or more quanta of the infra-red frequencies, oscilla- 
tional or rotational. It is thus possible, by measuring the 
separation of the lines in such a spectrum, to find the 
wave-lengths of these infra-red lines. 

This method has the great practical advantage that it 
brings the infra-red spectrum, so to speak, onto the photo¬ 
graphic plate. It avoids the necessity of a rocksalt prism 
and the other parts of an infra-red spectrometer, and re¬ 
quires only the usual apparatus for visible and ultra-violet 
rays; and it substitutes the direct measurement of lines on a 
photographic plate for the troublesome and less accurate 
linear thermoelement. This phenomenon had been pre- 

C. V. Raman and K. S. Krishnan, iffaturi, lai, 501, 619 Ciji.8); Indimt J. Piys., a, 
399 Ogj-s)- 
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dieted by Smekal in 1913 Since its experimental confirma¬ 
tion by Raman, it has been the subject of a very large 
number of investigations.^^ The experimental teclmique, 
which is difficult on account of the faintness of the scat¬ 
tered lines, has been developed largely through the work 
of Wood.^^ 

These various methods of observing the absorption 
spectra are closely interrelated, and are complementary to 
one another; the interpretation of the results is often 
greatly assisted by combining two or more of them. In 
particular there are certain types of lines that appear in the 
absorption spectra and not in the Raman spectra, and 
others that are found only in the latter. By measurements 
in the far infra-red, at about zo-ioo/x, the rotational 
quanta can be observed directly. The experimental difficul¬ 
ties are pecxiliarly great here, however, partly from the 
lack of materials for the cells and prisms of the apparatus 
which do not themselves absorb in this region, and 
partly because the lines to be observed cover a range of so 
many octaves that it is difficult to distinguish between the 
different orders of spectra given by the gratings. In the 
near infra-red, at about lo/x, these difficulties are less. 
Here we observe the vibrational lines, with the rotational 
as a fine structure or as band spectra. In the visible and the 
ultra-violet regions the vibrational quanta appear as lines 
in a band, and the rotational as a ^e structure of these 
lines. This part of the spectrum has the advantage that the 
technique is most highly developed; lenses and prisms of 
glass and quartz can be used, and the spectrum can be 
photographed; but the difficulties of correct assignment of 
the lines, with the possibility of overlapping bands, are 
considerable, and the rotational separations—especially 
with heavy molecules—are so small that a high resolving 
power is required. The Raman spectra have the advantage 

Smekal, Naturwissenschi^tm, ii, 873 

23 ^or a full discussion of the theory, and of the experimental data so far obtained, see 
K. W, F. Kohlrausch, Der Smekal-Kaman Effekt (^ringer, Berlin 1931); also C. Schaefer 
and F. pfatossi, Eortschrim Chm.^ Ehysiky-^hysila. dhm,y ao. Heft 6 C1930}. A more or less 
popula| account of the use of the Raman spectrum as an instrument of research is given by 
D. H. Andrews, /. Ind. Eng. Chem.^ ^3, i2.3z Ci 93 i)* 

24 R| W. Wood, Efys. Rev., 36, 142.1 Trans. Faraday Soc., ^5, 792. (192.9). See 

also N.IM. Pal ^d P. N. Sen Gupta, Indian J. Fhys.^ 5, 609 (1930). 
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of greater simplicity, and are of especial value in the 
correct assignment of the vibrational levels. 

These investigations of the spectra tell us more than 
the distances between the atoms. In the first place they give 
us information about the shape of the molecule. It is > 
theoretically possible, from a knowledge of all the mo¬ 
ments of inertia of a molecule of, say, 3 or 4 atoms, to 
calculate all the interatomic distances and the valence 
angles. In particular, if the molecule is rectilinear, as with 
carbon dioxide or acetylene, this can be detected with 
certainty and the distances arc then relatively easy to 
calculate. If it is triangular, like water or sulphur dioxide, 
this also can be detected; but the calculation of the dis¬ 
tances and angles then becomes much more complicated, 
and it must be admitted that the attempts to determine 
these magnitudes have not, so far, been uniformly suc¬ 
cessful. Not only is there often disagreement between 
different investigators, but the distances that are calcu¬ 
lated from the spectra often differ greatly from those de¬ 
rived from the effective radii. This, however, is a difficulty 
that will disappear, no doubt, as the subject is more de¬ 
veloped, and the assignment of the various moments be¬ 
comes more accurate. 

One further complication must be mentioned. The inter- 
nuclear distances that we desire to know are those which 
occur in the normal resting state of the molecule. The 
spectroscopic methods, except the direct measurements of 
the rotational lines in the far infra-red, always deal with 
molecules excited electronically or vibrationally, or in 
both ways. These excitations will have an effect on the 
distances. Sometimes it is uncertain whether the electronic 
state to which the vibrational and rotational quanta 
refer is really the “ground state” of the molecule, that is, 
whether the distance we are measuring is that which the 
link normally has or that which it has when the molecule 
is excited. 

The vibrational q^uanta further tell us the magnitude 
of the force that resists a change in the interatomic dis¬ 
tance. This force is of great interest, but as it concerns the 
strength of the link it is discussed in the next chapter. 
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tAeasunmmt with Cathode Rays 

As has already been mentioned, a new method for 
measuring interatomic distances, especially in gases and 
vapors, has been developed by Wierl,^* which resembles 
Debye’s method of the scattering of X-rays, except that it 
substitutes cathode rays (electrons) for the X-rays. Elec¬ 
trons in motion are accompanied by, or consist of, or be-, 
have as if they consisted of waves whose length, X, is 
given by X = h/mv, where m is the mass and v the velocity 
of the electron.®® When a narrow pencil of electrons passes 
through a vapor, the electrons are scattered, and the inter¬ 
ference patterns produced by their waves can be recorded 
on a photographic plate. Thus the general nature of the 
process is the same as in Debye’s experiments with X-rays. 
The electron method has however two advantages: the 
interaction between the electrons and the molecules of the 
gas is much more intense than it is with X-rays, and the 
electrons have a stronger photographic effect. These two 
causes cut down the time of exposure to not more than 
i/io,ooo of that required for X-rays. In Wierl’s experi¬ 
ments electrons of about 40 kilowatts energy (wave¬ 
length 0.06A) were used, and the exposures required were 
not more than a few tenths of a second. This is more than 
a mere practical convenience; it greatly extends the range 
of substances to which the method can be applied. In the 
X-ray experiments exposures of several hours are neces¬ 
sary, even when the chamber is filled with vapor under 
atmospheric pressure; if the pressure were much reduced 
the exposures would become impossibly long. But there 
are many substances that decompose at temperatures below 
those at which they boil under atmospheric pressure, 
while they boil without decomposition under reduced 
pressure. Such substances can readily be examined by the 
electron method with its much shorter exposures. 

H. Mark and R. Wierl, Z. Physik, 6o, 741 (1930); Z. Electrochem.f 36, 675 (1930); 
E^aturwissmschajtm, 18, xo5 Wicrl, Z., 31, 366, iox8 (1930); “Elcktron- 

cninterferenzen” in Leip^iger Vortrage (Lc^zig, 1930) page 13; Ann, Physik, 8-[v], 5x1 
(1931); H. Gazewski, Physik. Z., 3a, X19 (19x1). 

^ This is the relation of L. dc Broglie. For its experimental verification see C, Davisson 
and L. H. Germer, Phys, Rev., 30, 707 (19x7); G. P. Thomson, Nature, ifza, X79 (19x8), and 
Wave Mechanics of Free Electrons (JNcw York, 1930), p. 47 (George Fisher Baker Non¬ 
resident Lectmeship at Cornell, VoL 8). 
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Where they are applied to the same substances the two 
methods give concordant results. Wierl claims for his 
measurements an accuracy rather greater than that of the 
X-ray method; but a careful discussion by Bcwilogua of 
the errors of the two methods seems to show that the 
latter is rather more accurate. 

A list of the results so far obtained by these new 
methods is given in Table XXI Cp^-ge 89). In view of 
Bewilogua’s conclusions the probable error is quoted only 
for the X-ray values. 

RESULTS OF MEASUREMENTS 

The results are divisible into three classes according to 
the nature of the material and the kind of links which it 
contains: (i) salts, (z) metals, (3) covalent compounds. 
These last can be examined both in the solid and in the 
gaseous state. It does not seem, however, that the state of 
aggregation makes much difference in the distance between 
the atoms in a covalent link; and this is to be expected, 
since the forces between the molecules of a solid covalent 
compound are small in comparison with those between the 
component atoms of the molecule.^® The crystalline data 
are by far the most numerous; their collection and co¬ 
ordination is largely the work of V. M. Goldschmidt and 
his pupils.^® 

While we are mainly concerned with the values for the 
covalent link, it is necessary to consider those for the 
ions as well, since the size of the link is often of assistance 
in deciding to which of the two classes a compound should 

Bcwilogua, Hysih Z, 3a, 114 (1931). 

28 In carbon tetrachloride, for example, as we have seen, the latent heats of fusion and 
of evaporadon are both about 7 kgm.-cah per am.-mol., while the separation of the CCI4 
molecules into their component atoms needs about xyo kgm.-caL 

28 V. M, Goldschmidt, “Geochcmischc Vertcilungsgesette/' VII (Oslo, iqj-O; 

VIII (Oslo, 1917). A list of values based upon the X-ray data is given by Goldschmidt in 

60j 1163 (19x7); another agreeing with this in the main, but based upon quantum 
mechanics, is given by Pauling mj. Jm, Chm, Soc,, 49,765 (19x7). The data for tne solid 
elements have been collected by Neuburger in Z XrarA, 80, 103 C^93^) ^d published 
separately m Gtttwhmtm$m xpu (Leipzig, Akademisches Verlagsgesj. A revised list of 
the ionic radii of ions with the inert gas structure is given by Zachariasen in Z. Kfist,, 80, 
137 (19$ i)/ The theory contained in this paper is referred to later. An interesting discussion 
of the subject, particularly in its bearing on carbon and carbon compounds, is to be found 
in K. H. Meyer and H. Mark, Auflm d«t hoehpolymerm or^mmhm Natursfijfff (Leipzig, 
1930X Chapters I and H. 
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be assigned. Thus the first question which arises is the 
influence of ionization on the atomic radius. This is cer¬ 
tainly large, and it would therefore seem that it should be 
easy to determine, by measuring its length, whether a 
link in a molecule is ionized or not. But the effects of a 
negative and a positive charge are in the opposite direc¬ 
tions, the former increasing and the latter diminishing the 
radius; they therefore neutralize one another in a salt to a 
considerable extent, and while the radius of each atom is 
very different according as it is ionized or covalent, the 
effect of the nature of the link on the sum of the two 
radii, which is what we measure, is much less. In fact it 
is of much the same order as the differences caused by other 
influences, especially by the type of crystal lattice. Gold¬ 
schmidt emphasizes the importance of the distance as a 
criterion of the nature of the link but, though he is cer¬ 
tainly justified in doing so, the test needs care and is not so 
obvious as one would imagine from the large difference in 
the two states of either atom taken alone. In any series of 
similar compounds the change from one form of linkage 
to the other can be detected by the dimensions, as it can in 
many groups by the change of lattice, but it is sometimes 
difficult to say to which type an isolated series of com¬ 
pounds should be assigned. 

The values obtained from the measurements of salts are, 
of course, always the sum of the radii of two ions of 
opposite character. In order to get values for individual 
ions we must determine by other means the radii of one 
or two particular ions. Goldschmidt takes the radius of 
the fluorine ion F” as 1.3 3 A, and that of the oxygen ion 
O as i.3zA. These values are the basis on which all his 
other ionic radii are calculated. The concordance among 
the values for the ions obtained from the crystal measure¬ 
ments by their use is really no evidence for their truth. 
Any other values which made the fluorine ion o.oiA larger 
than the oxygen ion would be equally satisfactory from 
this point of view. They are however quite well estab¬ 
lished, with a probable error not exceeding o.oiA, by the 
agreement of the following five different lines of argument: 
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(i) Wasastjerna®® has calculated the values from the 
molecular refraction on the basis of the Clausius-Mosotti 
law. 

(z) Goldschmidt has shown that the change which 
occurs in many series of salts, from one type of lattice to 
another, is determined by the relative sizes of the ions, and 
takes place when the new lattice involves a closer packing 
than the old. This gives us an independent check on the 
relative sizes of the oppositely charged ions. 

(3) The calculations of Pauling and Hartree, based 
on wave mechanics, lead to the same values. 

(4) The values of the diamagnetic susceptibilities of 
the ions also agree. 

(5) The curves obtained by Bragg for the intensities 
of the X-ray reflections give further confirmation. 

We may therefore accept Goldschmidt’s values as cor¬ 
rect for these two ions,®^ and the radii of all the other ions 
can be obtained from them. 

The differences produced by ionization are indicated by 
the examples given in Table XIV, in which the values for 
the ions are taken from measurements with salts, and those 
for the neutral atoms are from the metals or from covalent 
compounds. 

Table XIV 


Atomic Kadii 


Radius 



Radius of 


{ 


Radius 



K 

Ca 

Zn 


neutral atom X 

X.3I 

1.97 

I.3X 


cation X*^ 

*■33 

1.06 

0.83 



H 

Br 

0 

Sc 

neutral atom X 

0-37 

I.I3 

0. 60 

I.I6 

anion X”, X“”" 

1.36 

1.95 

X.)Z 

I.9I 

Fc atom Fe+‘^' 

I!e+++ 

T 1 atom 

m 


I.X7 0.83 

0.67 

1.71 

w 

1.05 


The expected effect of the positive charge in diminishing, 
and that of the negative charge in increasing, the radius 
is obvious. 

30 J. A. Wasasticrua, Sos. Sci, Fmnkat Cmmntmkms x (1913), Art. 38, 

p. zx; Z, fhysik. Ckm.f lox, m (x$xz); K. Fajaas aad G. Joos, Z. x (ijm)* 

31 ZacUariasca, Z. KrirA, 80,137 (193also comes to this conclusion for the fluorine 
ion. His value for 0“"" is not directly comparable with Goldschmidt’s. 
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The values so obtained represent only approximately 
the radii in actual crystals. As we have already seen 
(p. 30) the distances are not strictly additive, even in 
salts of the same type. We may distinguish three kinds of 
influences which afi'ect the values, though all of them to 
only a small extent. There is first the temperature and pres¬ 
sure under which the measurements are made; for exact 
comparison the values should be those at zero pressure 
and zero temperature.®^ The effect of pressures not exceed¬ 
ing a few atmospheres may however be neglected. The 
temperature correction can be made from the coefficients 
of expansion if it is necessary, but it will seldom affect 
the values more than one or two per cent. A more serious 
effect is that due to the deformation of the ions, already 
considered in Chapter II. To show the magnitude of this 
effect, the values. for the alkaline halides are given in 
Table XV Cbelow), along with those calculated by Gold¬ 
schmidt’s method, which is arranged to fit the potassium 

Table XV 

Interatomic Distances in Alkaline Halides 



LiF 

NaF 

*KF 

RbF 

CsF 

Calc. 

i. II 


2.. 66 

2.. 8x 

2.. 98 

Obs. 

X.04 


X.66 

2.. 82. 

3.00 

Diff. 

—0.07 

±0.0 

±0.0 

zbO.O 

-ho.oi 


LiCl 

NaCl 

KCl 

RbCl 

[CsCIb 

Calc. 

2-59 

2-79 

3-14 

3.30 

3.46 

Obs. 

^•57 

2..81 

3.14. 

: 3 - 2-9 

3.56 

Di£. 

—0.02. 

+0.02. 

ztO.O 

—O.OI 

[+0.06] 


LiBr 

NaBr 

KBr 

RbBr 

[CsBr] 

Calc. 

2-74 

2-94 

3 - 2-9 

3-45 

3.61 

Obs. 

2-75 

2.-98 

3 - 2-9 

3-43 

3-71 

Diff. 

+0.01 

+0.04 

dbO.O 

•— o.oz 

[-ho.il] 


Lil 

Nal 

KI 

Rbl 

[Csl] 

Calc. 

X. 98 

3.18 

3-53 

3.69 

3.85 

Obs. 

3.03 

3 - 2-3 

3-53 

3.66 

3-95 

Diff. 

+0.05 

-ho. 05 

±0.0 

—0.03 

t-1 

-h 

0 

H 

0 

1-1 


32 For an alternative method of eliminating the temperature eflFect sec below, p. 90. 
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salts. All these salts are of the sodium-chloride (6:1) 
lattice, except the three cesium salts enclosed in brackets, 
which have the cesium-chloride (8: i) lattice. It will be 
seen that so long as the lattice remains the same, the 
differences do not exceed i or 3 per cent, and are normally 
much less. 

Another influence (indicated in Table XV) is the 
nature of the lattice. Goldschmidt has shown that the 
distances suffer a small but quite definite change with a 
change of what he calls the “co-ordination number.’’ 
This number has nothing to do with co-ordination in its 
usual chemical sense; it is merely a name for the number of 
nearest neighbors^ by which each atom in the lattice is 
surrounded. In the sodium-chloride lattice, for example, 
each ion is surrounded by 6 of the opposite kind; in the 
cesium-chloride lattice the number is eight. Goldschmidt 
finds that a fall in the ‘ ‘ co-ordination number’ ’ leads to a 
decrease in the interatomic distances as shown inTableXVI. 


Table XVI 

Change in Atomic Distance with change 
in ‘ ‘ Co-ordination Number’ ’ 


‘ ‘ Co-ordination Number’ ’ 
change from 

6 to 4 
8 to 6 
iz to 8 
IX to 8) 

IX to 6in metals 
IX to 4) 


Decrease in distance 
Per cent 

5-7 

3 

/ II-IX 


These changes occur in metals as well as in salts, and 
possibly, though this is less certain, in non-iquized com¬ 
pounds as well. 1= 

This question of deformation has recently be'tn dis¬ 
cussed in detail by Zachariasen.®^ He works out the cor¬ 
rections to be applied for (i) the co-ordination number, 
and (l) the valency. He gives a series of values for the 
radii of the ions, and shows by a large number of examples 

“Wir bctrachtm also £mr die nichsten Nachbarn ein^s Krystallbaustcincs,”—Gold¬ 
schmidt, “Geochemischc Vcrtcilungsgesctzc .. VIII, zx (x^zt)* 

^ W. H. Zachariasen, 2 . Krisf., 8o, 137 (1331). 
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that when they are corrected by his method, they give a 
remarkably close agreement with the observed values in 
salts. The paper is of great interest, but cannot be discussed 
further here, as we are concerned with covalent links. 
Zachariasen has not considered covalent compounds in de¬ 
tail, but he finds that his conclusions for salts will not 
apply to them without at least considerable modification, 
as we should expect. 

When allowance is made for these modifying influences, 
it can be shown that there is a definite change in the 
distance when the link passes from electrovalent to co¬ 
valent. The two classes of compounds are, as Goldschmidt 
calls them, “incommensurable”; the values of the radii 
which express the distances in one class cannot be used for 
the other. The most striking example is given by the two 
forms of silver iodide, where the distance in the ionic 
a-form is 3-05 A and in the covalent ^-form z.8iA, a differ¬ 
ence of nearly 9 per cent. The sum of the atomic radii in 
metallic silver and gaseous chlorine is almost exactly 
equal to the latter value, being j-.-j-jK. Another example is 
given by the differences between the distances in the sul¬ 
phides and oxides of the metals beryllium, zinc, and 
cadmium. All these compounds are covalent except cad¬ 
mium oxide, where the link, being electrovalent, is longer,®® 
and hence the difference from the sulphide smaller: 

Metal, X Be Zn Cd 

(X—S)—CX—O) 0.45 0.38 0.17 

The occurrence of one or the other kind of link is closely 
connected also with the type of lattice, although some 
types occur with both forms of link. According to Gold¬ 
schmidt the two incommensurable classes of links are found 
respectively in the following lattices; the figures in 
brackets, as [8], indicate the “co-ordination number” in 
the sense defined above. 


A. Covalent hattices 


Ci) 

CO 

0) 

C4) 


Zinc blend, 
Wurtzite, 
Cuprite, AX2, 
Diamond, 


.4.0 

[4] 


2® See page 50. 
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These four types of lattice are strictly commensurable 
(within I per cent), and seem never to occur with ionic 
structures, probably because they are so far removed from 
close packing. 

(5) Regular body-centered, [8], distances up to 3 per cent smaller 
than in (6). 

(6) Regular face-centered, [ii]. 

(7) Closest hexagonal packing, [ix]. 

These last three types are especially frequent in metals. 
They are certainly commensurable among themselves, and 
probably also with the first four. 

(8) The hexagonal nickel-arsenide type, [6]. 

This is an entirely different lattice from the sodium- 
chloride type. Every cation (A) has six anions (X) almost 
at the angles of a regular octahedron; every X has six A’s 
at the angular points of a trigonal prism with X as center. 
This lattice may also belong to this group, or it may 
possibly form a separate commensurable group with other 
arsenides and sulphides. 

To these must be added certain individuals of types 
usually belonging to Class B (ionic lattices); some of the 
sodium-chloride and fluorite types, such as the mono¬ 
nitrides of titanium and zirconium; the cubic CujS; and 
probably TlSb and TlBi, with cesium-chloride structure. 

B. Ionic Lattices 

(j) NaCl type, [6]. 

(zj CsCl type, [8] 

(3) Fluorite, AXj, [8,4]. 

(4) Rutile, AXa, [6,3]- 

(5) Probably the perowskitc type in certain compounds, but some 
of this type and many of the rutile type are covalent.*® 

These show the small differences in magnitude referred 
to above; cesium-chloride lattices give values always about 
3 per cent, and rutile lattices often as much as 5 per cent 
greater than the sodium-chloride; the values for sodium- 
chloride and fluorite lattices are almost identical. 

The evidence for the view that crystals of Class A 
have covalent, and those of Class B electro valent links, is 

8 ® Goldschmidt re|;ard^d the rutile lattice as normally ionic; but many o£ his measure¬ 
ments agree better with values for a covalent lattice. 
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of very various kinds. The values of t±ie radii given by 
Class A are those that hold for the covalent molecules of 
the volatile elements; the alkaline halides, which are un¬ 
doubtedly ionized in the solid as well as in the dissolved 
and gaseous states (see p. 57), belong to Class B. It is 
only compounds of Class A that dissolve in metals (e.g. 
cuprous oxide, CU2O, in copper, ferrous sulphide in iron). 
The change from Class B to Class A, among compounds of 
similar composition,- always occurs when on the Fajans 
theory an increase in deformation is to be expected. The 
wider spacing (less close packing) of the atoms in most of 
the lattices in Class B is a sign of the directive character of 
covalent as compared with electro valent links. The dis¬ 
tinction is now so well established that the crystal lattices? 
can be used with reasonable certainty to determine whether 
a compound is ionized in the solid state or not. 

When we examine the data for molecules with covalent 
links it becomes obvious that the interatomic distance is 
remarkably constant, and very little affected by the condi¬ 
tions of the molecule or by the other links that it contains. 
This is illustrated by the values obtained for the link of 
carbon to carbon, with different substances and by differ¬ 
ent methods, which are collected in Table XVII below. 

Table XVII 


Interatomic Distances, in Angstrom Units 


Link 

c—c 

Substance 

Diamond 

Solid ethane 
;z-Paraffins 

Side chain C6CCH3)6 
Cyclohexane 

Pentane 

Distance 

1.54 

1.6 

1.58 

1-55 

1.51 

1-5 

Method 

Crystal structure 
Crystal structure 
Crystal structure 
Crystal structure 
Electron scattering 
Electron scattering 

c—c 

aromatic 

Graphite 

C 6 (CH 3)6 
Naphthalene 1 
Anthracene j 

Benzene 

1.42. 

1-45 

1-45 

(1-4 

li -39 

Crystal structure 
Crystal structure 

Crystal structure 

X~ray scattering 
Electron scattering 

C=C 

Stilbene 

Swan Bands 


Crystal structure 
Spectrum 

feC 

Acetylene 

1.19 

Spectrum 
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In the same way the distance N=N in solid nitrogen is 
i.ioA, and in nitrogen gas, from the band spectrum, is 
x.xojA. The same constancy is found when we compare 
the observed distances in covalent compounds with the 
sum of the effective radii (half the interatomic distances) 
found for the elements themselves. One modifying in¬ 
fluence which has to be taken into account here is that of 
the multiplicity of the link. As Table XVII shows, the 
double link of carbon to carbon is markedly shorter than 
the single link, and the triple link is shorter still. We have 
no dg.ta as to the effect in other elements, but we may 
fairly assume that it is of the same order, and as a first 
approximation that the same percentage contraction oc¬ 
curs. This conclusion is supported by the fact that the 
interatomic distances in the successive elements carbon, 
nitrogen, oxygen, fluorine, form a much more regular 
series if they are corrected for the multiplicity of the link in 
this way. In carbon we have C—C 1.54; C==C 1.351; C^C 
1.19; the double link is 14 per cent and the triple is 13 per 
cent shorter than the single. Applying the same percentage 
corrections to nitrogen and to oxygen we get: 




c—c 


0=0 F—F 

Observed 


1.54 

1.10 

i.zo 1.35 

Correction: 



0.31 

o.zo — 



c—c 

N—N 

0—0 F—F 

Corrected value: 


1.54 

1.4Z 

1.40 1.35 

In the same 

way we get for double and triple links: 


C=C 

N=N 

0=0 



1.31 

x.zz 

l.ZO 



C^C 


f 

0 



1.19 

1.10 

1.08 



That this method of correction is near the truth is 
shown by the observations of the link of carbon to nitrogen 
which in hexamethylene tetramine, where it is single, is 
found to be 1.48, and in cyanogen, where it is triple, to be 
1.15A. The corrected calculated values are identical with 
the observed. 

The values of the effective radii, obtained by halving 
the distance between the atoms in the elements themselves. 
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are given in Table XVIII. The data for the solid elements 
are from Neuburger’s Gitterkonstanten those for the 

ions are from Zachariasen®^ and Goldschmidt.®® These latter 
include some ions to which there is no reason to ascribe 
any real existence, such as C^^, the molecules that are 
supposed to contain them being obviously covalent. 

Table XIX contains a series of observed values of the 
dimensions of links in compounds, which are compared 
with the sums of the radii taken from Table XVIII. With 
these, corrections for double and triple links are either un¬ 
necessary, or are impossible for want of knowledge of the 
state of linkage in the elements, largely metals, from which 
the atomic radii are derived. Table XX contains a series of 
links, mostly organic, for which the calculated values can 
be corrected in this way. 

As will be seen, the agreement between the calculated 
and observed values for the covalent links is almost in¬ 
variably very close. In Table XIX a few ionized compotmds 

Table XVIII 

Effective Radii of Neutral Atoms and Ions 


(In Angstrom Units) 


Element 

Atom 



Ion 


H 

0.37 

gas 

H- 

1.36^ 

1.17® 

He 

0.53 





Ne 

1.60 

crystal 




A 

1.91 

crystal 




Kr 

1.98 

crystal 




X 

i.i8 

crystal 




Li 

1.50^ 

1.51=® 

Li+ 

0.68* 

o. 78 <^ 

Na 

1.84^ 

1.84®^ 

Na+ 

0.98* 

0.98® 

K 


2_ xysa 

K+ 

1.33* 

1.33° 

Rb 


^.43^® 

Rb+ 

1.48* 

1.49® 

Cs 

2 .. 62 .^ 


Cs+ 

1.67* 

1.65® 

Cu 

i.xS'f 

2_9HB 

Ca+ 

— 

ca. i.o® 

Ag 

1-44’" 

42.®^® 

Ag+ 

— 

1.13® 

An 

I-44*' 


— 

— 


Be 

I. la® 

1.16^ 

Be2+ 

0-39* 

0.34^ 

Mg 

I. 60^ 

1.58^® 

Mg2+ 

0.71* 

0-78® 

Ca 

1-97*' 

1.98^® 

Ca2+ 

0.98* 

1.06® 

Sr 

a. 15^ 

2.. II®® 

St^+ 

1.15* 

i.iy® 


Zachariasen, Z. Krist., 8o, 137 (1931)- 
Goldsclimidt, JScr., 60,1163 
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Table XVIII (continued) 
Eifective Radii of Neutral Atoms and Ions 


Element 

AtO, 

Ba 

1.17” 

Zn 


Cd 

1-49'' 

Hg 

1.50” 

B 

(ca. 0.7) 

A1 

i.43« 

Sc 

— 

Y 

. — 

La 

i.se^ 

Cc 

i-Si” 


Pr 

— 

Gd 

Er 

I.86N 

Lu 

— 

Ga 

1.14^ 

In 


T1 

1,71^ 


c— 

0.771 

c= 

0.67 


0.60 

Si 

1.17** 

Ge 

I. XL** 

Sn 

I.SI" 

Pb 

1.75" 

Ti 

I-45” 

Zr 

1,58*' 

Hf 

1.57*' 

Th 

1.79*' 

N— 

0*71 

N== 

0.61 


0.55 

P 

0/87*^ 

As 

I. X 5 ^ 


(In Angstrom Units) 



Ba2+ 

J 

Zni*+ 


Cd»+ 

— 

Hg^+ 


B3+ 

.. 

AP+ 

_ 

Sc»+ 

■ - 

Y8+ 

......_ 

La»+ 

— 

Ce»+ 

Ce<+ 

— 

Pr*+ 

Pr4+ 

.- 

Gd*+ 

,_ 

EfSH- 

n-.- 

Lu«+ 


Ga8+ 

—- 

In»+ 

— 

T1+ 

XI8+ 

0.78“ 

Sp. cryst. 

Sp. QHs 

I. 16®® 

C«+ 

—— 

Ge<+ 

(white) 

Sn«+ 

Pb^ 

Pb^ 

1.49““ 

Ti4+ 

i.6x"“ 

1.65“® 

Zr^ 

1.83®® 

Th*+- 

calc. 

calc. 

gas, cryst. 

Nih- 

N»- 

(metal.) 

p6+ 

P»- 

I.X5®* 

As*- 


Ion 


1 . 31 ^ 

i. 43 « 

— 

0 . 83 ® 

— 

1 . 03 ° 

— 

I. IZ® 

O.X 4 * 

0 . 55 ' 

0 . 57 ° 

0 . 78 * 

0 . 57 ® 

0 . 93 ® 

1 . 06 ® 

1 . 06 * 

I. XX® 

— 

1 . 18 ® 

0 , 51 * 

I. ox® 

_ 

1 . 16 ® 

— 

I. 00 ® 

— 

I.II® 

— 

1 . 04 ® 

— 

0 . 99 ® 

— 

o. 6 x® 

— 

o , yx .^ 

— 

i. 49<3 


1 . 05 ® 

0 . 19 * 

o.io<^ 

— 


— 

— 

— 

— 

— 

0 . 44 ® 

— 

0 . 74 ® 

— 

I. 3 X® 

— 

0 . 84 ® 

o. 6 x* 

0 . 64 ® 

0 . 79 " 

0 . 87 ® 

0 . 31 * 

1 . 10 ® 

x.ox* 


0 . 66 * 

— 

x.56* 

— 

X/ 62 .* 

'— 
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Table XVIII (concluded) 


Effective Radii of Neutral Atoms and Ions 
(In Angstrom Units) 


Element 


Atom 


Ion 


Sb 

1.45*^ 

1.45™ 

Sb^- 

x.77^ 

— 

Bi 

1.55^ 

1-54“ 


—, 

— 

V 

1.30^ 


Vfr^- 

o.8i^ 

— 






o.6i« 

Cb 

1.43^ 

— 

Cb«- 

0.98 

— 




Cb«- 

— 

0.69® 

Ta 


— 


— 

— 

0— 

0.70 

calc. 

02- 

1.40^ 

H 

Q 

0= 

0.60 

gas 


— 

— 

S— 

1.06 


s^- 

t/^ 

00 

M 

1.74° 

S= 

0.9^ 

calc. 


— 


Sc 

1.16^ 

— 

Sc^*- 

1.96® 

I. 91® 




Se«+ 

— 

0.3^. 4° 

Te 

1.44^ 

— 

Te^ 

x.i8^ 

X.II® 




Te«- 

— 

0.89° 

Cr 

1.15^ 

1 . 15°® 

Cr»+ 

— 

0.65® 

Mo 

1.36^ 

1.35^^ 

Mo«- 

— 

0.68® 

W 

I.37N 

1.37^ 

w«- 

— 

o.68<^ 

u 

1,49^ 

— 

u«- 

— 

1.05^ 

F 

0.68^ 

— 

F- 

1.33=^ 

1.33® 

Cl 

0.97^ 

— 

ci- 

i.Si^ 

i.8i« 

Br 

1 . 13*^ 

— 

Bf~ 

1.96^ 

1.96® 

I 

1-35” 

— 

I- 

X. 19^ 

x.xo° 

Mn 

i.i8» 

— 

Mn2+ 

— 

0.91® 




Mn«- 

— 

o.5X<^ 

Rc 

1-37” 

— 


— 


Fc 

i.a7» 

1.2.6^^ 

Fe*+ 

— 

0.83® 




Fe®+ 

— 

o.67<^ 

Co 


I. 

Co!*+ 

— 

o.8x<^ 

Ni 

1.X4*' 


Ni2+ 

— 

0.78® 

Ru 

I.3X” 

1.35®® 

Ru^ 

— 

0.65® 

Rh 

i.34» 

1.35^ 

Rh^ 

— 

0.69® 

Pd 

1.37- 

1.37= 


— 

— 

Os 

i.34>» 

I.' 

Os^ 

— 

0.67® 

Ir 

1.35** 

1.35™ 

Ir«- 

— 

0.66® 

Pt 

i.38>' 

1.39HB 


— 

— 


s V. M. Goldschmidt, Bw,, 60, 12.6% (1917). 

hr W. Hume-Rothcry, Phil. Mag., [ylxo, xiy C1930), theoretical values. 
N M. C. Neuburger, Gitterhonstanten ig^i CLcipiig). 
z W. H. Zachariascu, Z. Krist., Bo, 137 
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Table XIX 

Interatomic Distances (In Angstrom Units) 


Link 

Distance 

Calc. Obs. 

Compound 

Type 

Ref.' 

Li[F] 

x.i8 

x.04 

LiF 

NaCl 

12 

Li[r 

x .85 

3-03 

Lil 

NaCl 

12 

K[F' 

X.99 

x.66 

KF 

NaCl 

12 

K[I] 

3.66 

3 53 

KI 

NaCl 

12 

Cs[Fl 

3.30 

3.00 

CsF 

NaCl 

12 

CsLlJ 

3*97 

3*95 

Csl 

CsCl 

12 

Cu—Cl 

X.X5 

x.34 

CuCl 

Zinc blende 

2 

Cu—Br 

X.41 

X. 46 

CuBr 

Zinc blende 

2 

Cu—I 

X.63 

X. 6x 

Cul 

Zinc blende 

2 

Cu —0 

1.88 

1,85 

CujO 

— 

3 

Cu—S 

X.34 

x.3i 

CujS 

Fluorite 

4 

Cu—Sc 

X, 44 

x .49 

CujSe 

Fluorite 

4 

Cu—Zn 

X. 60 

X.6O 

CuZn 

— 

4 

Cu—Pd 

X.65 

X.64 

CuPd 

NaCl 

4 

Ag[F] 

X. IX 

X.46 

AgF 

3 

Ag[ai 

X.4I 

X.77 

Aga 

NaCl 

4 

AgrBr] 

^•57 

X.88 

AgBr 

NaCl 

4 

Ag[I] 

X.79 

3-05 

Agl a 

NaCl 

4 

Aff—I 

X.79 

x,8t 

Agl^ 

Zinc blende 

4 

Ag-O 

X.04 

x.04 

Ago 

Cuprite 

4 

Bt-O 

1.7X 

1.65 

BcO 

Wurtzitc 

2 

Be—S 

X.18 

X. 10 

BeS 

Zinc blende 

4 

Be—Sc 

x.x8 

X.18 

BeSe 

Zinc blende 

12 

Mg[F] 

x.x8 

1-99 

MgFs 

Rutile 

4 

4 

Mg[ 0 ] 

x.xo 

x.io 

MgO 

NaCl 

CalF]’^ 

x.65 

X.36 

CaFi 

Fluorite 

4 

Zn—F 

X.CX) 

x.04 

CaFs 

Rutile 

4 

Zn—O 

1.9X 

1.97 

ZnO 

Wurtisite 

4 

Zn—S 

X.38 

^-35 

ZnS 

Wurtzite 

4 

Zn—Sc 

X.48 

^•45 

ZnSc 

Zinc blende 

2 

Cd[ 0 ] 

X.09 

2^-35 

CdO 

NaCl 

4 

Cd—S 

X.55 

^•53 

CdS 

Wurtzitc 

4 

Cd— Sc 

X. 65 

x ,63 

CdSe 

Wurtzite 

4 

Cd— Tc 

^•93 

X.80 

CdTe 

Zinc blende 

4 

Hg— 

X.85 

X.75 

Hgl* 

—- 

13 

Hr-s 

X. 56 

^•53 

HgS 

Zinc blende 

4 

Hg—Sc 

aP-n 

X.66 

x.63 

HgSe 

AIN 

Zinc blende 

4 

1.98 

1.87 

Wurtzite 

2 

Al—P 

X.30 

x.36 

AlP 

Zinc blende 

2 

Ga—As 

X.49 

X.44 

GaAs 

Zinc blende 

4 

Ga—Sb 

x ,69 

x.^ 

GaSb 

Zinc blende 

4 

Tirci] 

x,68 

3.3X 

TlCi 

CsCl 

3 

T 1 ‘I] 

3.06 

3.6X 

Til 

CsCl 

4 


* Refer to list on page 88. 
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Table XIX (concluded) 


Link 

Distance 


Calc. 

Obs. 

Sg—C l 

i.48 

2-45 

Sn—0 

X. II 

X.06 

Sn—S 

2-57 

2-55 

Pb—I 

3.10 

3.18 

Pb—0 

2.*35 

2- 33 

Ti—0 

X.05 

I 96 

Ti—S 

X.5I 

2-42- 

Ti—Se 

61 

2-54 

Ti—C 

x.xx 

Z.30 

Zr—0 

Z.18 

Z.ZI 

Zr—S 

i. 64 

2-58 

"Zsc —Se 

2.-74 

z. 68 

Zf—C 

2-35 

2-37 

As—^Ni 

2-49 

Z.4Z 

Sb—Cr 

z.yo 

74 

Sb—Fe 

Z.JZ 

67 

V—0 

1.90 

93 

V—c 

z.oy 

25 

Cb—0 

2-03 

X.OI 

Cb—0 

i.o3 

X.OI 

Cb—C 

z.zo 

z.zo 

Ta—C 

z. 19 

Z.ZI 

s—0 

.66 

1.66 

Mo—0 

.96 

x.oo 

Mo—0 

.96 

x.oo 

w—0 

•97 

z.oo 

F—H 

•05 

0-92- 

Cl—H 

•34 

i.zy 

Br—H 

-50 

1.41 

I—H 

i.yz 

1.61 

I—Cl 

z.^z 

x.x6 

Co[ 0 ] 

1.85 

X.13 

Co—S 

2-31 

2-33 

Co—Se 

Z.4I 

2-45 

Co—^Te 

69 

x,6x 

Ni—S 

2--30 

X.38 

Ni—Se 

X.40 

X. 50 

Ni—Te 

X. 69 

X.65 

Ru—0 

1.9X 

1.97 

Rb—0 

1.94 

X.OI 

Pd—Cl 

2.-34 

X.X9 

Os—0 

1.94 

1.99 

If—0 

1.95 

1.98 

Pt—Cl 

2-35 

X.X9 

Pt-Cl 

2-35 

z.zy 


* Refer to list on page I 


Compound 

R2SGCI6 

Type 

Ref.* 

i 

SnOz 

Rutile 

3 

SnSa 

Cdl 2 

4 

Pbl 2 

Cdls 

4 

PbO 

— 

3 

TiOj 

Rutile 

3 

TiS 2 

Cdl 2 

4 

TiSe 2 

Cdl 2 

4 

TiC 

— 

3 

ZrOa 

Fluorite 

4 

ZrS 2 

Cdl 2 

4 

ZrSe 2 

Cdl 2 

4 

ZrC 

— 

3 

NiAs 

NiAs 

3 

CfSb 

NiAs 

3 

Fej:Sby 

NiAs 

4 

VO2 

Rutile 

3 

VC 

— 

3 

Cb 02 

Rutile 

3 

KCbOs 

— 

3 

CbC 

— 

3 

TaC 

NaCl 

4 

M!2S04 

— 

3 

M0O2 

Rutile 

4 

Ag 2 Mo 04 

— 

1 

WO2 

Rutile 

4 

HF 

Band spectrum 

9 

HCl 

Band spectrum 

9 

HBr 

Band spectrum 

9 

HI 

Band spectrum 

9 

CsICla 

— 

1 

CoO 

NaCl 

4 

CoS 

NiAs 

4 

CoSe 

NiAs 

4 

CoTe 

NiAs 

4 

NiS 

NiAs 

4 

NiSe 

NiAs 

4 

NiTe 

NiAs 

4 

R11O2 

Rutile 

3 

Rb 203 

Corundum 

3 

K 2 PdCl 4 

— 

1 

OsOi 

Rutile 

3 

Ir 02 

Rutile 

3 


KssPtCle 

KaPtCU 


1 
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are included which are distinguished by having brackets 
about the second element, as Ag[Cl]. They show the char¬ 
acteristic “incommensurability” to which Goldschmidt 
has drawn attention. 

The close agreement between calculation and observa¬ 
tion is remarkable in those links where one of the radii 

Table XX 


Interatomic Distances, Calculated distances being corrected for 

Multiple Links 
(In Angstroin Units) 


Lick 

Distance 

Compound 

Method 

Ref.* 


Calc. 

Obs. 



C—H 

1.14 

I. IX 1 

f Saturated \ 

1 hydrocarbons J 

Band spectrum 


C—H 

1.14 

.08 

QHj 

Band spectrum 

11 

C—N 

1.48 

■ 48 ,l 

f Hcxamcthylcnc 

1 tctraminc 

1 Crystal 



1.15 

• 15 

CaN, 

Band spectrum 

9 

c=o 

i.z6 

.IS 

CO, 

Band spectrum 

14 


1.14 

.14 

CO 

Band spectrum 

15 

C—Cl 

1.74 

1.83 

CCI4 vap. 

X-ray 

16 


Electron ray 

17 

N—H 

1.08 

0.98 

NH, 

Band spectrum 

7 

0—Cl 

i.6j 

1,56 

MCIO4 

Crystal 

10 


♦References to Tables XIX and XX: 

^ R, W. G. Wyckoff, Th 4 Strucme of Crystals (Am. Obcm. Soc. Monogr., 19,19x4), pp. 
400-401. 

* V. M* Goldschmidt, Z. EkktrocJbm,^ 34, 459 (1918). 

9- Gmhmischt Vsrteilmisgmtifi mr Blmenu^ VII. (Oslo, 1916). 

4-^ VIII. (Oslo, 19x7). 

® A. Miillcr, Broc. Koy. Soc» London, 1x4, 541 (1S1.7); ihidm, lao, 437 (19x8). 

® H. W* Corrcll and H. Mark, Z. physiL Chm., X07, 181 (19x3). 

^ R, M. Badger and R. Mccke, Z. physik, Chem,, B5. 333 (19x9;. 

* Ftcdcriksc and VerwecL Koc. trav, dim,, 47, 904 (19x8). 

® R* Mecke, Bandsptktra (Berlin, 19x9), pp. XX-X9, 

W. H. Zachariasen, Z. Kfitt,, 73, 141 C^ 9 %o), 

“ K. Hcdfield and R. Mecke, Z. Ph^ik, 64,151 (1930); W. H. J, Childs and R. Mcckc, Z. 
Physik, 64, i6x (1930); R.Mecke,Z.64,173(1930); Z,Ekktrodm,,% 6 ,^o%(i 9 \o^. 
W. H. Zachariasen, Z. Kristy 80, 137 (*931). 

Kctclaar, Z. Krist., 80, Ci 930 * 

W. H. Kccsom and J. de Proc, Acad, Sci, Amtifdmn, %y, 839 (1924); H. Mark 
and E. Pohland, Z. Krist,, 6x, X93 OC9X5); did,, 64,113 (19x6); H. Knincr, Z. Krist., 63, 
X 75 Cya^O- 

C. Schaefer and F, Matossi, I)as ultrarots Sptktrum (Berlin, 1930). 

P. Dcb)^c, Z. Ekktrodsm,, 36, 6ix (*930), 

L, Bewilogua, PhysiL Z., 3a, 165 (1931). 
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Table XXI 


Interatomic Distances in Vapor 




X-ray 


Cathode ray 

Remarks 

Substance 

Gap 

A 

Ref. 

A Ref. 

CCI4 

Cl—Cl 

X. 99+0.03 

2 

z.gS 

3 


CHCls 

Cl—Cl 

3.II+0.05 

2 

3.04 

3 


CHjClz 

Cl—Cl 

3.^3 ±0.1 

2 

3.16 

3 


CH3CI 

C—Cl 

1.9 +0.1 

2 

1.85 

3 


SiCU 

Cl—Cl 



3 .Z 9 

5 

tetrahedral 

GeCl4 

Cl—Cl 

— 


3-43 

5 

tetrahedral 

TiCli 

Cl—Cl 

— 


3.61 

5 

tetrahedral 

SnCU 

a—Cl 

— 


3.81 

5 

tetrahedral 

CBr4 

Br—Br 

_ 


3-35 

5 

tetrahedral 

BCI3 

Cl—Cl 

— 


3.03 

5 

? 

PCI3 

Cl—Cl 

— 


3.18 

5 

pyraroidal 

PClg 

P-Cl 

— 


Z.04 

5 


cw-CHCl-CHCl 

Cl—Cl 

3.6+0.1 

1 




/r^«j-CHClCHCl 

Cl-Cl 

4 - 7 + 0.1 

1 




CHa-CHCU 

Cl—Cl 

3.0+0.1 

1 



trans favored 

CH2CICH2CI 

Cl—Cl 

4.4+0.1 

1 



CS2 

s—s 

3.05+0.1 

1 

3.Z0 

4,5 

linear 

CO2 

0—0 

x.x +0.1 

1 

Z.Z5 

4,5 

linear 

SO2 

s-o 

— 


1.37 

5 


N2O 

N—N 

— 


Z.38 

5 


Bra 

Br—Br 

— 


z.zy 

5 


Benzene 

C—C 

1.4+0-1 

1 

1.39 


plane 

Cyclohexane 

C—C 

— 


1.51 


bent 

Cyclopentanc 

Pentane 

C—C 
C—C 

_ 


1.5Z 

1-5 

\ 

plane 

tetrahedral 

Hexane 

C-C 

— 


1-5 

J 

angle 


1 Debye, Plrysik. Z., 31, 141, 419 (1930). 
® Debye, Z. Eleitrocbm., 36, 612. (1930)- 
* Bewilogua, Pbytik. Z., 3a, 165 C1931). 
^ Gazewski, Physii.. Z., 3a, 119 C193O- 
' Wierl, Phystk. Z., 31, 366, lorS Ci 93 o)- 
»Wierl, Am. PkfiiK 8, 0930- 
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is derived from an element measured in the metallic state. 
The nature of the metallic link is ver7 obscure; most 
physicists regard it as neither electro valent nor covalent; 
but these results make it clear that whatever may be its 
nature, its length is practically that of a covalent link. 

A remarkable relation has recently been discovered by 
Humc-Rothery*® between the values of the atomic radii as 
determined from the elements themselves, and especially 
from the metals. In order to make these comparable, the 
distances are calculated not at the ordinary temperature 
but at one-half of the “ characteristic temperature”**® for 
each element; this correction, which involves only a 
knowledge of the thermal expansion of the clement, seldom 
exceeds two or three units in the second decimal place. In 
any periodic group the atomic radii of course increase 
with the atomic number, and the magnitude which Humc- 
Rothery selects for comparison is the interatomic distance 
d (at divided by «, the principal quantum number of 
the outermost group of the core, i.e. one less than that of 
the valency electrons: thus for the first short period 
(Li — F), « = I, for the second x, for the first long period 
3, and so on. If the logarithm of d/n is plotted against the 
logarithm of Z, the atomic number, he shows that the 
values for all the elements of any one periodic group (at 
any rate among all but the latest groups) lie on a straight 
line with extraordinary accuracy, the deparature, except 
for certain irregularities connected with the Goldschmidt 
co-ordination number, seldom exceeding i per cent.'**^ Thus 
we can express the relation by the general formula: 

where x is a constant which is the same for groups with 
the same number of electrons in the outer electronic group 

W. Humc-Roth^, fhik [7] 10, X17 (1950). 

*®Th.e “chafactetistic temperature” is a quantity derwd horn the theory of specific 
heats. The atomic heats of all simple substances ^ve practically idoatical curves if the 
temperature scale is expressed in terms of the ratio T/fi, where T is the temjpcraturc and 0 
that temperature at which the average oscillational energy of the atoms is equal to one 
oscillational quantum. 0 , a constant for each element, is the ”characteristic temperature.'* 
Thus for carbon $ »» 1860% for copper 315®, for sodium lyx®, and for lead 88®. 

^ The theoretical values obtained from these straight lines are given in Table XIX. 
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of the core (inert gas type, B-metal type, transitional 
type) and a is another constant depending on the periodic 
group. Moreover for elements giving ions of the inert gas 
type (typical and A metals) x is very nearly 1/3, so that 
for these elements approximately 

= x/aZ 

For other types of elements x is larger, but not much, the 
maximum value being o.4l: so that on the logarithmic 
graph the lines of the various groups are nearly parallel. 

Equally remarkable relations hold when we compare 
the elements in any one period. Here too, on the logarithmic 
plot the points lie on straight lines: but whereas the 
straight lines for the individual groups were found to be 
nearly parallel (x varying but slightly), those for the 
different periods have markedly different slopes, and more¬ 
over their tangents are very nearly whole numbers. Thus 
for the first short period the distances (in all but the latest 
groups) are proportional to xjZ (values oi d XZ are: Li, 
3.02. X 3 = 9.06; Be, 1.^9 X 4 = 9.16;C, 1.54 X 6 = 9.24). 
In the second short period they are proportional to i/Z* 
(d for Na, Mg, Si, is 3.67, 3.^0, z.35 resp.; ratio 1.56 : 
1.36 : I, and the ratio of the inverse squares of ii, iz, 
14 = i.6z : 1.36 : i). In the third period they are propor¬ 
tional to i/Z® (d for K, Ca, Ti, is 4.54, 3.91, 2..95 resp.; 
ratio 1.54:1.33 :i, and the ratio of the inverse cubes of 
the atomic numbers 19, zo, zz = 1.55:1.33:1). In the 
fourth period, however, it is not the fourth power of Z 
that has to be taken but the fifth (d for Rb, Sr, Zr, is 4.85, 
4.Z6, 3.Z3 resp.; ratio i.5o:i.3z:i, and the ratio of in¬ 
verse fifth powers of 37, 38, 40 = 1.48 :1.Z9 : i). It will be 
noticed that in all periods except the first, the ratio of the 
distances in the different groups is nearly the same: 

Group I n IV 

Period I 1.96 1.49 I 

X 1.56 1.36 I 

3 1-54 1-33 I 

4 1.50 1.3X I 
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The values obtained by Hume-Rothery for the constants 
X and a of his equation, are given in Table XXII. 

These relations are so far unexplained; but they are 
so simple and exact that they must be due to some funda¬ 
mental principle of atomic structure. 


Table XXII 


Constants of the Hume-Rotherj Equation 


Periodic 

Group 

O 

I. A 

II , A 

IV, A 

V, A 

VI, A 
VIII, A 
VIII, B 
VIII, C 
I,B 

IV, B 

V, B 

VI, B 


X 

aX too 

0.348 

1.74 

0.344 

1.57 

0,35 

X . 2 .J 

0.345 

4.66 

0.368 

6.18 

0.376 

6.75 

0.404 

6.00 

0.418 

5.69 

0.39 

5.81 

0-393 


0.33 

5.88 

0.313 

4-74 

o.n 

9-44 


In considering the dimensions of the covalent link it 
would seem natural, after discussing the interatomic dis¬ 
tances and the effective atomic radii, to proceed to the 
volume relations. In the solid state, as we have seen, the 
molecular volumes have no meaning unless they are inter¬ 
preted with reference to the crystal structures. In the liquid 
state we might expect simpler relations to hold. So far, 
however, the efforts which have been made to discover 
such relations have had little success. The work of Kopp, 
Traubc, and others has brought to light certain interesting 
relations among organic compounds, but no really satis¬ 
factory generalizations have been established. Two serious 
difficulties stand in the way. There is first the question of 
comparable temperatures. Kopp measured the densities at 
the boiling points, Traube at 15°. The proper course would 
be to measure them at the same fraction of the critical 
temperatures: these are comparable temperatures so far as 
the equation of state is accurate, whicn however is not 
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strictly true. For this reason Kopp’s method is better than 
Traube’s, since the critical pressures of most organic sub¬ 
stances do not differ very widely, and they are thus not 
far from being equal multiples of one atmosphere. The sec¬ 
ond difficulty is to allow for the effect on the volume of the 
internal pressures of the liquids. The existence of this 
pressure, which is manifested in the surface tension, is in¬ 
disputable, and its magnitude is certainly large; but the 
attempts which have been made to determine it^® have not 
had any great quantitative success. If it could be deter¬ 
mined accurately, and if further the compressibilities of a 
sufficient number of substances were known, which is far 
from being the case at present, we might be able to cal¬ 
culate the true molecular volumes under zero pressure. 

To eliminate the temperature effect, Biltz^® and Sugden*^ 
have made use of an empirical relation between the tem¬ 
perature and the volume to calculate the molecular vol¬ 
umes at the absolute zero. The results agree fairly well with 
the values obtained by the addition of a series of terms for 
the atoms and linkages contained in the molecule. But 
their exact meaning is uncertain, and the agreement is not 
so good as that shown by the values of another function 
devised by Sugden, the parachor. This quantity is intended 
to overcome both the difficulties mentioned above: the 
effects of temperature and internal pressure. It has been 
shown experimentally^® that if 7 is the surface tension 
of a liquid, and D and d the densities in the liquid and 
vapor states, respectively, at the same temperature, then: 

CD-d)* ^ ^ 

C being independent of the temperature. Sugden’s parachor^® 

^ Sec, for example, Joel Henry Hildebrand, Solubility (New York, 1924), xo6 p. CAmcr. 
Cbcm. Soc. Monograph Series No. 17). 

Biltz, Nachr, Ges. Wiss. Gottingen, Math-'Bhysik. Klasse, 19^26, 45; Ann., 453, 2.59 

^ S. Sugden, /. Cbem. Soc., 192.7, 1780, 1786. 

^ Macleod, Trans. Faraday Soc., 19, 38 the same relation was deduced on (rather 

doubtful) theoretical grounds by R. D. Klceman, Phil. Mag., [6] 19, 783 C1910); 

M ai, 9i (igii). 

^ S. Sugden, J. Chem. Soc., 1^5, 1185 (1924). 
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is the product of the molecular weight and the fourth 
root of Macleod’s constant: 

p_ 

^ ~ D-d 

This is practically the molecular volume multiplied by the 
fourth root of the surface tension; it may be regarded as 
the molecular volume measured at. uniform internal pres¬ 
sure. It has the great advantage that it is independent of 
the temperature, as has been verified experimentally for 
numerous substances over a considerable temperaturcra^^. 

This magnitude proves to be in a high degree addi'tiye: 
the values for a substance can be expressed with great 
accuracy as the sum of a series of terms for the constituent 
atoms, with a limited number of other terms for multiple 
links or rings. It has already been of service in deciding 
q^uestions of structure in organic compounds, and its 
future development may be expected to be of great value. 
At present however the bearing of the results is often 
obscure; in particular, the effects of changes of valence and 
of covalence do not seem to be understood. Siigden has de¬ 
veloped a theory, involving the frequent assumption of 
one-electron links, indistinguishable in properties from 
the ordinary two-electron links, by which he claims to ex¬ 
plain the experimental conclusions; but this theory often 
leads to structures which do not appear to be in accord 
with the chemical evidence or with the conclusions of 
wave mechanics.'*'' A fundamental difficulty is that the real 
physical meaning of the parachor is unknown. I there¬ 
fore do not propose to discuss the results in detail here, 
especially as they have been fully dealt with elsewhere.*® 

On the whole it seems that our knowledge of the effect 
of the covalent link on the volume of the molecule has 
not reached the point at which its physical implications 
can be usefully discussed. 

See L. Pauiiflg, L Am, Chm, Soc,^ 53, note (1^3x). 

<8 S. Sugdea, Tii iarachor and Vakney, London, 1930. A tabulated list of all parachot 
values hitberto calculated is given in Landolt-Bdmstcin M^sikdisch^chmwhsTabdkn^ 
Ergan^sungsband 11 (Bctlin, 1930), pp. 172.-188. A complete list fot all substances whose 
surface tensions are known with sumcient accuracy is published in Brit, Assom, Advancement 
Set. Kef Oft f 193a, x64. For other views on the parachot sec S. A. Mumford andJ.W.C. 
Phillips, J. Cbem. Soc.^ X9a9, 1114; ^ippel, Ber.^ 63,1185 (1930). 



CHAPTER IV 

Heats of Formation of Covalent Links 

T he energy required to separate an electron from an 
atom—to ionize the atom—can be found from the 
spectrum, and is known for practically all the elements. 
The energy change which accompanies the sharing of a 
pair of electrons between two atoms in the covalent link is 
a magnitude of equal importance for characterizing the 
link, and is a factor in determining the thermodynamic 
stability of all molecules in which it occurs. In order to 
ascertain its value we must know the difference in energy 
between the separate atoms and the molecule in which 
they are linked, or the energy of formation of the molecule 
from its atoms. The existing thermochemical data enable 
us to calculate the heats of formation of an enormous 
number of compounds from their elements. For example, 
for many organic compounds of carbon, hydrogen, oxygen 
and nitrogen we know the heats of combustion, that is, of 
conversion into carbon dioxide, water, and nitrogen gas; 
we also know the heats of formation of carbon dioxide and 
water from solid carbon, oxygen gas and hydrogen gas. 
If we further know the heats of dissociation of solid carbon 
and these three elementary gases into their atoms, we can 
calculate the energy evolved in the formation of a molecule 
of any of these substances from its constituent atoms. 

With diatomic molecules this gives us immediately the 
value we need, but it is obvious that many of the links in 
which we are interested, such as C—H and O—H, occur 
only in more complicated molecules. In such cases the heat 
of formation tells us the sum of the energy values for 
several links. As a first approximation we can assume that 
the energy of a link is, as a rule, but little affected by the 
other links in the molecule; that the heat of formation of a| 
molecule from its atoms is an additive property: it is thei 
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sum of a series of approximatel7 constant values for the 
several links which the molecule contains. With this as a 
working hypothesis we can extend our investigation to a 
very great variety of linkages. One of the first to draw at¬ 
tention to the subject was Fajans/ when he showed that 
the heat of the C—C link was almost exactly the same in 
diamond as in a paraffin. The subject was further examined 
by Von Weinberg, Eucken, Grimm and Wolff, and others;^ 
but its full investigation has become possible only in 
recent years, because the necessary values of the heats of 
atomization, our knowledge of which largely depends 
upon the application of modern spectroscopic methods, 
have been only recently ascertained. 

HEATS OF ATOMIZATION 

When a reaction can be carried to completion under 
realizable conditions, the heat evolved can be measured 
directly. It is in this way, of course, that the heats of 
combustion of substances are determined. But the heats of 
conversion of the elements from their ordinary forms into 
the fully dissociated (atomized) vapor cannot usually be 
measured in this way.® We can, however, sometimes 
measure it by observing the change of dissociation with 
temperature, making use of the Clausius-Clapeyron equa¬ 
tion relating this change to the heat of dissociation. This 
has been done, for examjple, for chlorine, bromine, and 
iodine. The degree of dissociation can be measured by 
means of the pressure, and in other ways. For this purpose 
the molecular-beam method has been used.^ When the 
atom has a magnetic moment and the molecule has not, as 
with the diatomic molecules of the alkali metals and 
bismuth, the atoms alone are deflected in an inhomo¬ 
geneous magnetic field, as in the original experiments of 

1 K. Fajan^ Br., 53, 643 (1910); ihidm, 55, x8x6 (19x1), See also Von Weinberg, 

»References are given on pa^ 97, etc. The results were summarixcd by Grimm in 
Geiger md Scbepl, Emdlmch detrhysik (Berlin, 19x6), voL X4, p. 53X, and are quoted and 
briefly discussed by Eucken, Lekrbuck der chtmische Fhysik (Leipzig, 1930), p, 880. Tne numeri¬ 
cal values need some modification in the light of later determinations of the heats of 
atomization. 

® Sec, however, Rodebush and Troxel,/. Am, Chm, Soc,, 5%, 3467 (1930); Copeland, 
Fhys, Rev,, 36, ixxi (1930)+ 

^ Sec Chapter V, page 13 5. 
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Stem and Gerlach.. They can then be collected separately on 
a plate, and their relative amounts approximately deter¬ 
mined.® The variation of the proportions with temperature 
then gives the heat of dissociation. It is also possible to 
determine the proportions of atoms and molecules from the 
spreading of a rapidly rotating molecular beam.® 

These methods are, however, only applicable with any 
degree of accuracy to relatively few elements. As a rule we 
have to rely on the observation of the spectra.^ There are 
three possible spectroscopic methods by which the energy 
of dissociation of a molecule might be measured: 

(i) The molecule might be bombarded by electrons of 
increasing energy, and the voltage required for its dis¬ 
sociation observed; 

(i) The rotational energy of the molecule might be 
increased by thermal or electrical excitement, until the 
centrifugal force was sufficient to dissociate it; 

C3) The vibrational energy either of the normal or of 
the excited molecule might be increased until it was large 
enough to make the atoms separate. 

The first two methods cannot at present be applied 
with sufficient accuracy to be of quantitative value, al¬ 
though the results afford an important confirmation of the 
general theory. Some excited molecules, instead of dis¬ 
sociating immediately on absorption, show the phenomenon 
of predissociation. This consists in a fusion of the rotation 
lines within the vibrational bands, and is probably due to 
the formation of unstable molecules which dissociate into 
two atoms or residues.® It can be shown that the corre¬ 
sponding energies are greater, but not much greater, than 
those required to break the links. The predissociation thus 
gives an approximate value of the energy of dissociation. 

® Leu, Z. Physiky 49,458 (1918); Lewis, thidm, 69,786 

® Zartman, Fiys, Rev., 37,383 (1331)- 

^ R. T. Birge, “Molecular Spectra in Gascs,“ B«//. Natl. Research Council, ii (192.6); 
H. Sponef, “Optisclic Besdmmung der Dissodationswarmc von Gascn,’* Ergebnisse 
exakte Naturw., o (192.7); Z. Elektrochem., 34, 483 (191B); R. Meckc, Band^ehra uni ihre 
Beieutung fur die Chemie (Berlin, 19x9), p. 44; Hcraibc^, “Die Pradissoziation und vcr- 
wandte Ersclieinungen,’’ Ergebnisse exakte Naturw., 10 ^931); E. Rabinowitsch., Z. Elek¬ 
trochem., 37, 91 (1931). Tbc complete literature is quoted in Landolt and Bomstein, etc., 
Physikalisch-chemische Tabellen (Berlin, 5th Ed., 1931), xte Erganzungsband, p. 

® K. F. Bonhoeffer and L. Farkas, Z. fl^sik. Chem., 134,337 C192-8); Herzberg, “Pradis- 
soziation .. Ergebnisse exakte Naturw., 10 (1931). 
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The rotational energy required for disruption is cer¬ 
tainly greater, and sometimes considerably greater, than 
the vibrational; for example, with the molecule HgH the 
rotational energy required is 14.3 kgm-cal while the 
vibrational is only 8.5 kgm-cal, which must mean that 
when the atoms fly apart through centrifugal force they 
possess considerable kinetic energy. But we cannot yet 
calculate the amount of this excess of energy, and so we 
cannot use this method for determining the energy of the 
dissociation itself. 

The third method, that of observing the oscillational 
or vibrational energy required to disrupt the molecule, is 
the one actually employed. This was first suggested by 
Franck,® and applied in particular to the halogens. The 
successive vibrational lines of a band system—like those of 
a series in an atomic spectrum—converge to a limit. If the 
band spectrum can be observed as far as the limit, it is 
found that at this point the bands are replaced by a con¬ 
tinuous spectrum. With an atomic spectrum the limit of a 
series indicates the point at which the excited electron 
separates wholly from the atom, and ionization occurs. 
With a band spectrum the convergence point is that at 
which the atoms separate from one another, and so it gives 
us the energy of dissociation. The continuous (absorption) 
spectrum is due to the fact that if the energy of the light is 
sufficient to disrupt the molecule, any further quantity of 
energy can be absorbed as kinetic energy of the dissociated 
atoms; and as this kinetic energy is not quantized the ab¬ 
sorption becomes continuous. In principle, then, the 
method is simple. The absorption spectrum of the gas in 
question is measured, and the limit of the band system, at 
which the bands pass into a continuous absorption, is 
either observed directly or calculated from the formula of 
the band system. This gives us the wave length, an^ hence 
the energy, of the light required to dissociate the mdlecule. 

There are, however, certain difficulties. It is ppt al¬ 
ways possible to observe a sufficient number of lines of the 
band system to extrapolate with certainty to the limit. A 
more serious difficulty arises from the fact that what we 

® J. Franck, Z, fhjsik. 0 m*p' lao, 144 (192.6)^ 
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want to know is the energy required to convert a norffiai 
unexcited molecule into normal unexcited atoms. We must 
therefore be able to ascertain that the state from which 
our band system starts is a normal state of the molecule, or 
if it is not, we must determine how far its energy level lies 
above that of the normal state. Also we must know the 
state of the resulting dissociated atoms. At the limit of the 
band spectrum their kinetic energy is zero; but it is found 
that commonly the photodissociation of a covalent mole¬ 
cule produces two neutral atoms, one in a normal and the 
other in an excited state; this is, in fact, a criterion of the 
covalent link (see page 56). This does not prevent the 
method from being applicable, but it makes it necessary to 
identify correctly the states of the dissociated atoms and to 
know the amount by which their energy exceeds the 
normal. This identification can sometimes be effected 
through an approximate determination of the energy of 
normal dissociation—into unexcited molecules—by means 
of methods that are less accurate but are not subject to this 
uncertainty as to the excitation of the products of dis¬ 
sociation. 

The way in which these rather complicated corrections 
are applied will be found in works on band spectra, such as 
that of Mecke.^ It is enough to say here that they make it 
possible to determine the heats of dissociation into atoms 
of the elements in which we are most interested, with a 
possible error sometimes less than i per cent (0.3 to i 
kgm-cal per gram-atom). The rapid progress of spec¬ 
troscopy will, no doubt, soon lead to an increase in both 
the number and the accuracy of these results. At present 
we have to do the best we can with the data available. It 
should be observed that many of the conclusions to be de¬ 
rived from a knowledge of the heats of rupture of covalent 
links depend rather on their relative than on their ab¬ 
solute values, and that these will be less affected by errors 
in the absolute values of the fundamental heats of atom¬ 
ization. 

These methods of measuring the heats of atomization 
are, of course, applicable to compound molecules as well 
a-s to elements. Where the compound molecules are di- 
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atomic they give the heat of formation of the link directly; 
where they are polyatomic, if the products of dissociation 
are single atoms, they give the sum of the heats of forma¬ 
tion of all the links in the molecule. But when the poly¬ 
atomic molecule splits off one of its atoms, the energy ab¬ 
sorbed is not necessarily the normal energy of the link. 
For example, Mecke’s results^® show that the heat of 
dissociation of water into its atoms is xiy kgm-cal, so that 
the value for a single O—H link in water is half of this, or 
108.5 kgm-cal. But for the dissociation of the OH molecule 
1x3 kgm-cal are required. Hence the heat of the reaction: 

H-O—H O—H 

is 94 kgm-cal. Thus we have three different values for the 
heat of formation of an O—H link. Of these, it is clear 
that the “normal” value is the first, 108.5, since the other 
two depend upon the energy content of the abnormal inter¬ 
mediate molecule OH. The knowledge that these experi¬ 
ments give us concerning the properties of such abnormal 
molecules, is in itself of course of great interest.“ 

The most accurate values for the heats of atomization of 
the more important elements are given in Table XXIII. 


Table XXIII 


Heats of Atomixation of Elements 


(In kilogram-calorics per gram-atom) 


Elcroctit 

Hydrogen 

Oxygen 

Nitrogen 

Carbon 

Fluorine 

Chlorine 

Bromine 

Iodine 

Sulphur 


State 

Heat of 
Atomization 

gas 

51.5 

gas 

59 

gas 

104 

solid 

150 

gas 

3 X .0 

gas 

18.7 

ps 

24*9 

liquid 

z 8.7 

gas 

18.0 

solid 

2 - 5*5 

$2 gas 

5 X .0 

rhombic 

66.8 


R. Mcckc, Z. ’ffhysik. Chm.^ By, io8 

See G. Scheibc, Z, Chm,^ B5,355 G, HetizbergandG. Scheibe, ibidem, 
B 7. 390 (1^30). 
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HEATS OF COMBUSTION 

The majority of the links with which we are concerned 
occur in organic compounds, and for these we require to 
know heats of combustion of those compounds. The tech¬ 
nique of the measurements need not be discussed here, but 
we have to consider exactly what information they give us 
and how far they need correction for our purposes. The 
thermo-chemical data are taken mainly from the Inter¬ 
national Critical 'Tables and from the extensive list given by 
Kharasch.’® 

Since we are concerned to determine the properties of 
molecules as free as possible from the influence of their 
surroundings, the heats of formation or of rupture should 
strictly be measured at zero pressure and at the absolute 
zero of temperature. The correction for pressure, which 
involves the van derWaals force, is not serious, and we may 
use the observed values which are corrected for constant 
pressure; the spectroscopic data are obtained at constant 
volume and so must be corrected for constant pressure, by 
the addition of jRT which is 0.6 kgm-cal at 300°Abs. The 
correction from a temperature of zoX, to which the thermo¬ 
chemical data are referred, to o°Abs involves more knowl¬ 
edge of the specific heats at low temperatures than we 
usually possess, and for practical purposes we have to be 
content with the values at io°. Heats of combustion are 
normally obtained at this temperature; that is to say the 
bomb starts from and returns to it. When the substance 
used is a gas no further correction is needed; but when it is 
a liquid or a solid we must allow for the heat required to 
convert it into vapor. To form an estimate of the extent of 
these corrections, we may consider what they amount to 
for the substances chiefly concerned, which are volatile 
compounds of the lighter elements and largely organic. 

The possible errors in the fundamental values are, in a 
sense, less important than those in the heats of combustion, 
because they affect alike all the links in which the particu¬ 
lar element is concerned: thus an error in the heat of 
volatilization of carbon would have the same effect on all 
the links in which one atom is carbon, but it would not 

M. S. Kiiarascli, Bur^ Standards]. Kesrarch^ a, 359 
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alter their differences (see page ioq). The heats of com¬ 
bustion of organic substances are of the order of xoo-zooo 
kgm-cal per gram-molecule. Their accuracy is, of course, 
very variable, but in the better wrork may be taken to be 
between i and o.i per cent—^for an average value of looo 
kgm-cal, say from i to lo kgm-cal. The effect of this on the 
value obtained for the heat of rupture of a particular link 
will depend upon how large a part the energy of this link 
is of the heat of formation of the whole molecule. When, as 
often happens, we are investigating a linkage that only 
occurs once in the molecule any error in the total heat will 
fall wholly on this particular value. 

The heats of rupture of individual links are usually 
between 40 and 150 kgm-cal. The differences found in the 
value for a particular link according to the compound 
selected, which are due to the combined effect of the errors 
of measurement and the departure of the molecular heats 
from strict additivity, seldom exceed 10 per cent, and are 
often much less. Thus in arriving at these values it is 
important to eliminate as far as possible any errors ex¬ 
ceeding I or z kgm-cal. 

The heats of fusion of organic compounds are usually 
between 4 and 7 kgm-cal, and are seldom less than z or 
more than 10. The heats of evaporation are, on the whole, 
larger ^nd vary with the boiling point; they amount to 
about 7 kgm-cal for a non-associated substance boiling at 
50°, and about iz for one boiling at Z50°; associated sub¬ 
stances give values up to zo or 30 per cent larger. Speaking 
roughly, therefore, we may say that the neglect of either 
the heat of fusion or that of evaporation may cause an 
error (of excess) in the value for the linkage of about 10 
per crat. It is therefore obviously necessary that these 

Q uantities should be known and allowed for, although we 
o not need to know them with very great accuracy. For 
the heat of fusion, where the substance is a solid, we have 
no general method of Calculation; unless we are to be con¬ 
tent with a guess of 5 or 6 kgm-cal, this must be measured. 
Many organic solids have been used as solvents in cryo- 
scopic work, and in that event their heats of fusion have 
been determined, or can be calculated from the cryoscopic 
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constant by means of van ’t HofF’s equation. The heats of 
evaporation, which we need much more generally, have 
for some substances been determined or can be calculated 
from the vapor-pressure curve. Where, as is more often 
the case, this is unknown, we can get a sufficiently accurate 
value by means of Trouton’s rule, if the boiling point is 
known. This rule states that the molecular heat of evapora¬ 
tion is XI times the absolute boiling point at atmospheric 
pressure. For a substance whose boiling point is known or 
can be measured only under reduced pressure, the value at 
atmospheric pressure may be estimated by comparison 
with some similar compound (Ramsay-Young rule). A 
more accurate form of Trouton’s rule is that given by Von 
Wartenberg:^® 

Heat of evaporation = 7.4T X log T 

where T is the temperature of the absolute boiling point 
under atmospheric pressure. Two examples, chosen at 
random, may be given to show the accuracy of these rules. 

Substance Boiling 

point 

Acetaldehyde xi°C 

Naphthalene 

It will be seen that the values obtained by the second rule 
lie very close to the truth; and it is easy to draw a curve 
from which the heat corresponding to any boiling point 
may be read off. This rule applies to non-associated sub¬ 
stances; associated substances, as has been said, give values 
that may be xo or even 30 per cent higher, but here an 
approximate allowance can be made. 

Even now, however, the corrections are not quite 
complete. The values of the latent heats obtained by these 
methods are those which hold at the melting and the 
boiling points respectively. We want to know the values 
at xo°. If the molecular heats of solid and liquid, or of 
liquid and gas, are known, these values can be calculated, 
since the temperature coefficient of the latent heat is the 
difference between the molecular heats of the two phases. 

VoQ Wartcnbcfg, Z. Ekhrocim., ato, 444 C1914). 


Heat of Evaporation _ 

Calculated 

Trouton Von Wartcnberg 
6.2. 5.4 

10.3 9.8 
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Usually, however, these have not been determined. From 
those that have we can form an estimate of the magnitude 
of the effect. Van ’t Hoff showed^^ that the specific heat of a 
substance is always less in the solid than in the liquid 
state, and this has since been recognized as following from 
the Nernst theorem. The heat of fusion must, therefore, 
diminish with a fall of temperature. The effect however is 
small. In a list of 13 organic substances quoted by van’t 
Hoff, the difference scarcely ever exceeds o.ox Icgm-cal per 
degree and the average is 0.013. For anthracene and tri- 
phenylmethane Hildebrand found 0.009 0.016, respec¬ 

tively.’-® Narbutt“ examined the isomeric dichloro-, 
dibromo-, diiodo-, and chlqrobromobenzenes (ii com¬ 
pounds) and found the maximum difference to be 0.016 
and the mean 0.013 kgm-cal. Hence, for a substance 
melting at 2.00° (and since for our purposes the boiling 
point of the substance must be known, we shall not, as a 
rule, meet with melting points higher than this) the fall in 
the latent heat would be unlikely to exceed 3.5 kgm-cal, 
and on the average, would be x.3 kgm-cal. With a melting 
point of 100° the extreme value would be 1.5 and the 
average about 1. This is practically within the limits of 
experimental error, unless the melting points arc unusually 
high, when some allowance can be made. 

In the latent heat of evaporation the change with tem¬ 
perature is in the opposite direction, the specific heat of the 
liquid being the greater. The following values, taken from 
the International Critical Tables, show the change of latent 
heat in kgm-cal per degree: 


Non-associated Associated 


Isobutanc 

0.014 

Water 

o.oro 

«-Hcxane 

O.OIl 

Ammonia 

O.OII 

Bcnizcnc 

0.013 

Sulphur dioxide 

0.0x3 

CCl^ 

O.OII 

Methyl alcohol 

0.010 

CHCla 

O.OIZ 

Ethyl alcohol 

0.010 

Ether 

Acetone 

o.orS 

O.OII 

Propyl alcohol 

0.018 


Van ’t Hoff in Boltxpmm Bestschrift (1904), p. ^33. 

J. H. Hildebrand, A. D. Doradiak, A. H. Foster and C. W. Beebe, /. Am, Chm, Soc,^ 

^9, XW3 

J; NarWt, Z, Mkhrochm,^ 44, 339, 342.0918). 
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The mean value of the temperature coefficient is 0.013, 
remarkably close to that for the latent heat of evaporation, 
and it practically never exceeds 0.018. Thus the mean and 
the maximum corrections to 1.0° for the latent heat of 
evaporation of substances with various boiling points 
would be: 

Boiling point 100° 100° 300° 

Correction f mean +1.0 +2.-4 +3.7 

(in kgm-cal) \ maximum +1-4 +3.2. ■i'5-o 

It is thus clear that this correction is just large enough 
to be worth introducing, but that it is sufficient to use the 
mean values; and the Von Wartenberg curve relating the 
heat of evaporation to the boiling point should be cor¬ 
rected accordingly. 

As a concrete example to show the magnitude of these 
subsidiary terms we may take naphthalene, which melts at 
80° and boils at xi8°. The heat of combustion, Q, according 
to recent data, is 1131.8 kgm-cal with an uncertainty of 
less tha.n 0.5 kgm-cal; it is of course much better known 
than EgosfrTEari^he carbon and hydrogen which it con- 
tap§' in the solid anJ^a^seous states respectively, is 1117.3 • 
JHtence the heat of formation Ht of the solid is —14.5 kgm- 
cal. The heat of atomization of these elements in these 
quantities is 1911 kgm-cal, aqd so the heat of formation 
of ,5oli(Ltiaphthalene at 10° fropi its coraponent atoms is 
T911 —i 4.5'^^^897.5 kgm-cal. Wsp have to find the v 4 lue for 
the vapor at tfiis temperature, a|id so tp subtract the heat 
required to convert one kilogram-tnoleculpof the solid at 10° 
into the vapor at \o°. The heat of Evaporation at thq boiling 
po:|it has been fo|md to be 9.66,|and th^e of fusipn at 80° 
4.5I, giving a totja of 14.11 kgm-cal. We h^ve still to allow 
sjor, Ihe changes iq^the latent heats on goii^ fropa the boiling 
•drK^elting poffits to 10°. For l:he ejit|»ora'fion this will 
fispw 198 X 0.013 3^5^'as a mean, or 198 X 

0.018 = as a maximum. The heat effusion will fall by 
55 X .r<jroi3 = 0.7 on the mean or 55 X 0.01 = i.i as a 
maximum. The corrected values for the latent heats will 



Heats of Formation 


io6 

thus be, on the mean, i4.zz + 1.57 — 0.78 = 16.01 with 
an uncertainty of about i kgm-cal, which is certainly less 
than the errors of determinations of the heat of combustion 
for most substances. The final value for the atomic heat of 
formation of naphthalene is thus 1897.5 — 16.0 = 1881.5, 
and the error in the deduced value of any single linkage in 
such a compound will be about i or z units in a value of 
the order of 100. 


RESULTS 

Some examples may be given of the application of these 
values to the calculation of the heats of rupture of covalent 
links. 

Heats of combustion are normally referred to zo° and 
constant pressure. To find the heat of formation of a com¬ 
pound from its elements in their normal state, we have to 
subtract the heat of combustion of the compound from that 
of its component elements. The relevant reactions arc; 

Qolid — 

ff 2g68 ^ 1^2^^ 

F2.„ -^hf 

S,oUd —>S02 

Of the other elements commonly present oxygen, nitro¬ 
gen, chlorine, bromine and iodine usually separate in the 
elementary state, and if so need not be brought into the 
account. The heats of the above mentioned reactions being 
known, the heat of formation H, from the elements in their 
ordinary states of a compound C,HbFoSd with any amount 
of oxygen, nitrogen, chlorine, bromine or iodine (where 
of course any of the numbers a,b,c,d may be zero) is given 
by the equation 

= ~Q.+ 94-3Sa + 34.19b + 75.6c + 69.3d 

of course where Q is the heat of combustion (all the values 
being in kilogram-calories). 

See International Critical Tahks (New York, 1919), VoL 5, p, i6x. 
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Example I: 

CH 4 ga 8 , jQ = 3 LIX. 7 , 

Hi = —iiL.7 + 34.38 X I + 34-19 X 4 

= —LIT.7 + X 3 I.i 

= + 18.5 

To obtain the atomic heat of formation, we must add 
the heats of atomization of iC and 4H, or 150 + 4 X 51.5, 
giving: 

ffa = 18.5 + 356.0 

= 374-5 

Example II: 

C 2 H 6 gaB 5 Q , ~ 3^^-3 

Hi = —368.3 + L X 94.38 + 6 X 34.19 
= + 2.5.6 

Ha = L5.6 + L X 150 + 6 X 51.5 
= 634.6 

If we write x for the heat of rupture of the link C —H, and 
y for that of C—C, we have 

4A- = 374.5 and at = 93.6 
6 x y = 634.6 
6 x = 561.6 
y = 73-0 

This is, of course, on the assumption that the heat of 
rupture of the C — H link is the same in both compounds. 
This assumption can be tested more generally, and in a way 
that is independent of the accuracy of our heats of atomiza¬ 
tion. If the C—C and C— H links have the same values in 
all paraffins, then in passing from one homologue to the 
next higher, there must always be the same change in all 
three heats, Q, H and H^. The value of H^ will depend 
upon those assumed for the heats of atomization, but the 

“ More accurate values are given later. 
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values of j 2 and Hi will not. In Table XXIV are ^iven the 
values of 0 for the normal paraffins, those for liquids being 
corrected for the heats of evaporation. 

The agreement is good. The effect of the addition of 
CHa appears to be constant, within the normal limits of 
the experimental error. 

These methods enable us to determine the heats of 
rupture of a series of links in organic compounds. By com¬ 
paring a sufficient number of substances we can discover 

Table XXIV 


Heats of Combustion^ Q, of Normal Paraffins 


Number of 

Carbon atoms 

J 2 c 50 rr» 

Differences 

X 

zix.y 

155.6 


X 

368.3 

138.0 

■136.8 

3 

4 

52 - 6.3 

683.4 

157.1 

5 

838.3 

155.9 

;I 57.8 

6 

997-8 

139.5 

7 

1157.3^ 

159-7 i 

[157-6 

8 

1313.0' 

=^ 55-5 ! 

Mean of seifen^ 




how far the values are really independent of the nature of 
the rest of the molecule. The investigations of Grimm 
show that certain constitutive differences influence the 
values considerably; the values for C—X, where X is 
carbon, nitrogen, oxygen or a halogen, differ according as 
the carbon is part of an aliphatic or of an aromatic radical. 
But apart from such special influences, it would appear that 
the additive relation holds within a limit of error of about 
5 per cent, which is small when we consider how uncertain 
some of the thermochcmical data are. 

Before we come to deal with the links in general, we 
may consider two that are of fundamental importance: the 
link of carbon to carbon and that of carbon to hydrogen. 

For determining the heat of formation of any link that 
occurs in organic com;pounds it is necessary, of course, to 
know the heat of atomization of carbon, and unfortunately 
this is very difficult to ascertain. The method first used was 
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to measure the temperature of the carbon arc burning at 
various pressures. This may be taken to be the temperature 
at which the vapor pressure of carbon is equal to that of the 
surrounding atmosphere, and so a knowledge of its 
variation with the pressure gives us the heat of volatiliza¬ 
tion which, if the vapor may be assumed to be monatomic, 
is the heat of atomization. The difidculty is to obtain ac¬ 
curate data. The earlier values obtained in this way were 
much too large, but subsequently Kohn^® redetermined the 
temperatures, and obtained a mean value of 163 kgm-cal 
per gram-atom. There is no doubt that the heat of the 
reaction: C,oUd—^Cgas is in the neighborhood of 150 
kgm-cal.®® Mecke adopts the value 141; Grimm gives 150 
in his tables; Haberadopts 140. The value used here is 150. 

If we assume this value, together with that of the 
atomization of hydrogen (51.5 kgm-cal per gram-atom) 
which is much more certain, we can calculate the heats of 
C—H and C—C, as we have seen, from the heats of com¬ 
bustion of any two paraffins. That of C—H is one-fourth of 
the heat of formation of methane, of which the heat of 
combustion is accurately known. By combining this with 
the heat of formation of a molecule QH2n+2, which con¬ 
tains (n — i) C—C and (2J1-I- z) C—H links, we arrive at 
the value for C—C. A more accurate way is to calculate 
this for several paraffins and take the mean.®® 

The values that give the best agreement for the paraffins 
are: C—H = 93.61, C—C = 71.14. Table XXVI (page 
III) gives, for a series of saturated paraffins, the observed 
values of the heats of formation and those calculated on 
this hypothesis. 

These values of the C—and the C—C links in aliphatic 
radicals are used throughout. That they cannot be very 

H. Kohn, Z. Physik, 3,143 (192.0). See K. Fajans, Ber., 53,643 (192:0); ibidem, 55, 

(I9^^). See however W. E. Vaughan and G. B. Kistiakowsky, Phys. Kev,, (li) 40, 
457 (193^)- 

^ The heat of combustion and hence the energy content of diamond is only o.x kgm-cal 
per gm-atom larger than that of graphite, so that it makes no sensible difference which we 
take as our reference substance. 

K. F. Bonhoeffer and F. Haber, Z. physik. Chem., 137,163 (19x8). 

It can easily be shown that if the value we use for 5 ic heat of atomization of carbon 
is .X-units too low, the value obtained for C—will be o.x5x too low and that for C—C will 
be o.^x too low. In general, an error of .v in the heat of atomization of any element causes 
an error of x/n in that of any link of which this element forms a part, where n is the valence 
of the clement. 
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greatly in error is shown in various ways. In the first place, 
the heat of evaporation of diamond itself gives us a mea¬ 
sure of the heat of rupture of the C—C link. We know that 
every carbon atom in diamond is attached to four others 
by single links, and since these links are of the same length 
as those in the paraffins and like them are arranged tetra- 
hedrally, we should expect that their heats of rupture 
would De much the same. If we suppose N carbon atoms to 
evaporate from the diamond, each will break four C—C 
links; but as each of these links involves two carbon atoms 
the total number broken will be xN. Thus the heat of 
evaporation should be about twice the heat of rupture of a 
C—C link. We have found the latter to be 71.1 kgm-cal, 
and the former to be 150, so that this condition is very 
nearly fulfilled. Since this agreement does not depend upon 
the particular value adopted for the heat of atomization 
of carbon, it provides independent evidence of the correct¬ 
ness of the assumed heat of rupture of C—H. 

Again, approximate values of the heats of rupture of 
several of these links can be obtained: (i) from extrapola¬ 
tion of the infra-red band spectra; and (x) from the observa¬ 
tion of predissociation. The former probably, and the latter 
certainly represent upper limits. These are entirely in¬ 
dependent of the heats of atomization of the elements. In 
Taole XXV (below) the values so obtained are compared 
with those calculated from the thermochemical data. We 

Table XXV 

Heafs of Rupture of C—H and C—C Links 


(al = aliphatic, at =» aromatic) 


Link 

Obs. 

Stibstancc 

Method 

Cal—H 

97 ± 5 

Hexane 

Infra-red 

Calc. 93.61 

94 ± 5 

Cyclohexane 

Infra-red 


93 - 

Acetaldehyde 

Predissociation 

Car—H 

117 ± 6 

Benacne 

Infra-red 

Calc. 101.73 

117 ± 6 

Aniline 

Infra-red 


no — 

Bcnaaldehyde 

Predissociation 

C—C 

88 - 

Acetone 

Predissociation 

Calc. 71,14 

88- 

Crotonaldehydc 

Predissociation 
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are justified, therefore, in concluding that the values we 
have obtained are not far from the truth. 

The thermochemical data for the hydrocarbons are 
given in Tables XXVI to XXIX (pp. 111-113). The heats 
of formation from the atoms, H», are obtained from the 
heats of combustion, jg, assuming 150 and 51.5 as the heats 
of atomization of solid carbon and of gaseous hydrogen, 
respectively. The results show that the heat of formation of 
the link C—C or C —H is different according as the carbon 
forms part of an aliphatic or of an aromatic radical. A 
similar difference is found with the dipole moments of links, 
but not, so far as is known, with their dimensions. The 
values that give the best agreement with observation are: 
Q—71.14 Cal—H 93 

Cal—Car 79-4 Car”H lOI . 73 

Car Car 97 * ^ 7 

The calculated heats of formation in Tables XXVI, 
XXVII, and XXVIII are obtained by the use of these 
values. 

Table XXVI 


Saturated Parajfins: Heat of Formation from Atoms 


Compound 

Formula 

Heat of Formation 

Obs. Calc. Diff. 

Methane 

CH4 

374-46 

374-44 


0 


Ethane 

C2H6 

634-5 

632.-7 

— 

I 

8 

Propane 

CsHs 

891.8 

891 .X 

-*■ 

0 

6 

«-Pcntane 

C5H12 

1411.9 

1407.9 

— 

4 

0 

«-Hexanc 

CgHu 

1668.6 

1666.I 

— 

X 

5 

^-Heptane 

C7H16 

19x3.5 

19x4.5 

+ 

I. 

0 

«-Octane 

CsHis 

xi8x.8 

X18X.9 

+ 

b 

I 

«-Decane 

C10H22 

2-708.5 

2-699 -7 

-- 

8 

8 

Isobutane 

C4H10 

1151.0 

1149.6 

— 

I 

4 

Isopentane 

C5H12 

1406.7 

1407.9 

+ 

I 

X 

X, 3 -Dimethylbutane 

CsHu 

167X.0 

1666.I 

— 

5 

S 

x,3-, and x,4-Diniethyl- 

CrHie 



+ 



pentane 

19x4.4 

ISM -5 

0, 

I 

X- and 3-Methylhexane 

C7H16 

19x4.3 

19x4.5 

+ 

0, 

X 

3,3-Dimethylpentanc 

C7H16 

19x4.3 

19x4.5 

+ 

0, 

X 

x,3,3-Triniethylbutane 

3-Ethylpentane 

x,5- and 3,4-Diniethylhexane 

C7H16 

19x4.5 

ISM* 5 

db 

0 


C7H16 

CsHis 

19x3.9 

X184.3 

iSM -5 

X18X.9 

+ 

0 

I, 

6 

4 

3-Ethylhexane 

CsHis 

X185.8 

X18X.9 

— 

X 

S 

x-Methylheptane 

CsHis 

X18X.7 

X18X.9 

+ 

O'. 

X 

X, 6-Diincthyloctane 

C10H22 

X70X.9 

2-699.7 

— 

3 

.X 
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Table XXVII 


Cyclic Paraffins: Pleats of Formation 


Compound 

Formula 

Heat of Formation 
Obs. Calc. Diff 

:- 

g-Kings 








Cyclopropane 

CsHc 

750-5 

775 

.1 

+X4 

.6 

4-B.ings 








Methyl cyclobutane 

C5H10 

1x87.7 

1191, 

.8 

+ 

4- 

.1 

f-Kings 








Cyclopentanc 

CsHm 

1x88.7 

1191 

.8 

+ 

3 

. I 

Methyl cyclopentanc 

CeHi2 

1549-7 

1550, 

,1 

+ 

0, 

•5 

1,3-Dimethyl cyclopentanc 

CtHu 

1811.8 

1808. 

,6 

— 

3 

.X 

i,x,4-Trimcthyl cyclopentanc 

CgHxe 

X07X.8 

1066, 

9 

— 

5 - 

-9 

d-jRJngs 








Cyclohexane 

CeHia 

1548.4 

1550, 

.1 

+ 

I. 

.8 

Methyl cyclohexane 

C7H14 

1810.3 

1808, 

,6 

— 

I. 

■7 

i,x-Dimethyl cyclohexane 

CgHie 

1074.7 

1066. 

9 

— 

7 - 

.8 

i,z,3-Trimethyl cyclohexane 

C9H1S 

1336.5 

1315. 

3 

— j 

CI . 

x 

y-Rings 








Cyclohcptane 

C7H14 

1814.1 

1808. 

6 

— 

5 - 

.6 

Methyl cyclohcptane 

CgHie 

1071.8 

1066. 

9 


4 . 

9 

Ethyl cyclohcptane 

C9H18 

^ 3 ^ 3-3 

1315. 

3 

+ 

X. 

.0 


Table XXVIII 
Aromatic Hydrocarbons 

71 Heat of Formation 

.._ 

CeHe xi93,x 1193.4 + o.x 

C7H8 X45X.0 X45X.9 + 0.9 

CsHio X710.6 17x0.3 — 0.3 

CsHio 1709.8 1710.3 +0.5 

CgHio X7IX.O 17x0.3 — 1.7 

CsHio X7IX.7 1710.3 — X.4 

C9H12 197X.X 1968.9 “ i.z 

CoHia X970.3 1968.9 — 1.4 

C9H12 X975.3 1968.9 - 6.4 


Compound 

Benzene 

Toluene 

Ethylbenzene 

<?-Xylenc 

»a-Xylcnc 

jp-Xylene 

w^Propylbenzenc 

Isopropylbenzene 

Mesitylenc 


Naphthalene 

Anthracene 

Phcnanthrcnc 


CioHs 1881.5 x88x. 7 + i.x 

C14H10 X 565.4 X571.9 4 - 6.5 

Q4H10 XS65.7 ^S 7 i -9 + 6.x 
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The results obtained with the open-chain saturated 
hydrocarbons are very concordant; the differences between 
the observed and the calculated heats, which amount on 
the average to x.5 kgm-cal, may be taken to be experi¬ 
mental errors. There is no indication of any progressive 
change with molecular weight, or of any effect of a branch¬ 
ing of the chain. Among the cyclic hydrocarbons the effect 
of strain is very marked in cyclopropane, the energy of 
which is 24.5 kgm-cal more than that derived from the 
calculation. As is shown below, the heat of formation of 
the double link C==C is about 113 kgm-cal, or 19 kgm-cal 
less than that of two single links. Hence if we may take the 
strain in a molecule to be measured by its excess energy- 
content, it would appear that the strain in a 3-carbon 
ring is equal to, or is rather greater than that in a double 
link: the heats of formation of propylene (752-5) and 
cyclopropane (750.6) are practically identical.^® In the 
cyclobutane ring there still seems to be a slight strain 
effect, though it scarcely exceeds the probable error. The 
aromatic hydrocarbons, including naphthalene, anthra¬ 
cene and phenanthrene, give concordant results, the mean 
error being less than 3 kgm-cal. 

For the open-chain unsaturated compounds Table 
XXIX gives the values of the heats of formation of the 
double and triple carbon links, calculated on the as- 


Table XXIX 
Unsaturated hydrocarbons 


Compound 

Olefines 

Formula 

Heat of 
Formation 

Calculated for Link 

c=c 

Ethylene 


499.6 

1x5 .X 

Propylene 

CsHe 

752-5 

119.7 

Trimethylethylene 

C5H10 

12.75.4 

1x5.9 

Isoprene 

CsHg 

.1141.3 

XX1X5.1 

Amylene 

Acetylenes 

CsHio 

12.69 • ^ 

IXO. I 

Mean 1x3, x 

Acetylene 

C2H2 

348.x 

161.0 

Heptine-i 

C7H12 

1640.2. 

161.X 

Mean 161.1 


The miccirtaint3r as to a possible effect on the value of C—of its carbon atom being 
doubly linked, is discussed below; here it is assumed that there is no such effect. 
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sumption that those of C—C and C—H are the same as in 
the paraffins. The mean values obtained from the rather 
scanty data are: C==C 1x3, and C^C 161 kgm-cal.^* 

We have no means of checking the assumption that the 
heats of C—C and C—H are the same in unsaturated as in 
saturated compounds. But if they are not we should expect 
them to be larger, as they are in aromatic compounds, and 
in that case C==C and CiC must be smaller than we have 
found them to be. If we take C—C and C—H to have the 
same values when one of the carbons is unsaturated as 
when one of them forms part of an aromatic ring, we get 
C==C equal to 91 and CsC equal to 145 kgm-cal. The ratio 
of the heats of formation, of C—C, C==C, and CsC, on 
these two hypotheses is: 

« . Cb) 



Ha 

Ratio 

Ha 

Ratio 

Cal Cal 

71 

I 

71 

I 

c=c 

IZ3 

1*73 


x.z 8 

c^c 

161 

z.x 6 

145 

Z.04 

Car-Ca, 

97.x 

1-37 


— 


It therefore seems that the first hypothesis is nearer to 
the truth; we can scarcely suppose that the heat of forma¬ 
tion of a double cthylenic link is less than the mean value 
for the links in the benzene nucleus. This question of the 
relative values of the multiple carbon-carbon links is of 
great interest, because, although we should have expected, 
from the unsaturated character of the compounds, that the 
heat of formation would increase less rapidly than the 
multiplicity of the link, this appears to be true only of the 
link of carbon to carbon, as will be shown later; in all 
others, such as those of carbon to nitrogen, oxygen, and 
sulphur, the heat of formation is at least twice as great for 
a double link and three times as great for a triple link. It is, 
therefore, important that we can show that this excep¬ 
tional behavior of the links of carbon to carbon is real and 
is not based on a mistaken assumption as to the effect of 
the unsaturation on the other links in the molecule. 

u Two supposed acetylene derivatives, described as allylene and acetylene, are 

excluded from the list. They give CssC as 174.3 and 17X.3, respectively. This suggests that 
the compounds examined contained not one mple but two double links. If we add to the 
above values that for a single G—C link we get 045.4 X 45 * 4 i value for two 

double links is 246. 
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The heats of formation of other links must be treated 
more briefly; but one curious and so far unexplained diffi¬ 
culty must be pointed out that affects all the compounds ex¬ 
cept the hydrocarbons. It is obvious, in obtaining the 
value for any particular link, to try to reduce the experi¬ 
mental errors by comparing the results given by a series of 
homologues. With the paraffins this method is quite satis¬ 
factory; as is shown by the list in Table XXVI, the dif¬ 
ferences between the observed and the calculated values are 
small and are distributed at random, being obviously due 
to experimental error; the mean values obtained for the 
links C—C and C—are accurate to within o.z or 0.3 
kgm-cal. But in almost every other homologous series, 
alcohols, esters, ketones, amines, halides, etc., it is found 
that the increase in the heat of formation for successive ad¬ 
ditions of CH2 grows larger as we ascend the series; the 
value deduced for the particular link must, of course, in¬ 
crease to the same extent. As examples the values for the 
alkyl halides and the alcohols are given in Table XXX. 
This effect is independent of any calculation of the heats of 
formation; it appears as a fall of the heats of combustion, 
since these are introduced into our equation as negative 
quantities, and it has been long known. 

Table XXX 


Heats of Formation of 

C—hal in Alkyl Halides C—O in Alcohols 


Halide 

Link 

Ha 

Alcohol 

link 

Ha 

Methyl chloride 

C—Cl 

74-7 

Methyl 

c—0 

75*9 

Ethyl chloride 

C—Cl 

77.6 

Ethyl 

c-o 

76,8 

Propyl chloride 

C—Cl 

79-3 

«-Propyl 

c—0 

79.1 

IsoDutyl chloride 

C—Cl 

81.5 

«-Butyl 

c—0 

80.1 

Methyl bromide 

C—Br 

61.5 

Isobutyl 

c—0 

81.0 

Ethyl bromide 

C—Bf 

64.3 

Amyl 

c—0 

83.1 

Propyl bromide 

C—Br 

66.8 




Methyl iodide 

C—I 

44-3 




Ethyl iodide 

C—I 

46.6 





The amount of the fall—or rise in the heat of formation— 
is about I to X kgm-cal per carbon atom added. Various 
explanations may be given of this, but none of them is 
quite satisfactory: 
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(i) The fall might be due to experimental error, an 
increasing proportion of the heavier molecules escaping 
combustion in the calorimeter. To get an idea of the quan¬ 
tities, suppose we have a molecule containing 8 carbon 
atoms. Its heat of combustion will be of the order of looo 
kgm-cal. The observed fall for 8 carbon atoms will be 
some lo to 15 kgm-cal. We must, therefore, suppose that 
about one per cent, or rather more, escapes combustion. 
This seems improbable. If this source of error were serious 
it should vary considerably with the method of combus¬ 
tion, and exact agreement would be impossible. Now the 
primary standard in the determination of heats of com¬ 
bustion is benzoic acid, and other subsidiary standards are 
salicylic acid, naphthalene and cane sugar, substances con¬ 
taining 7, 7, 10, and IT carbon atoms respective^ in the 
molecule. The ratio of the heats of combustion of benzoic 
acid and of naphthalene is given as 1.5x01.“ It is certainly 
known to i part in 1000, and probably to x or 3 parts in 
10,000. It is difficult to believe that so close an agreement 
could be obtained by different experimenters if in all cases 
one or two per cent of the substance remained unburnt. It is 
also difficult to see why there should be this difficulty with 
alcohols, acids and esters, but not with hydrocarbons.“ 

(x) If this difference is not due to errors in determin¬ 
ing the heats of combustion, it might be due to some syste¬ 
matic error in the calculations. As we have seen, the 
difference is shown by the heats of combustion themselves 
and is independent of any assumption as to the heats of 
atomization of the elements. The only corrections made to 
the observed heats are for the latent heat of evaporation 
(and, if necessary, of fusion), and the corrections of these 
for temperature. The heats of evaporation are obtained: 
(a) by direct observation; (b) from the variation of the 
vapor pressure with temperature—Clausius-Clapeyron equa¬ 
tion; and (c) by means of Von Wartenberg's equation. 
Wherever these three methods can be compared their re¬ 
sults show a good agreement, and certainly no signs of 

P* Schlilpfcf and W. Fioironi, Htk, Ckim. Acta, 6, 713 CXQ13). See also P. E. Verkade 
and J. Coops, IR^ic, trm. chm*, 4%, loj - 2 ?. fk^stk. Chm,, I18, 113 (152.5); W. 

Swietoslawski,/. chim. nsb, 583 (152.5). 

With some types of compounds, snch as certain acetylene derivatives, incomplete 
combustion may occur. See P. Landricu and F. Baylocq, BalL see, chhn., [4] 45, X17 (152-5)* 
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systematic error. The differences we are seeking to explain 
are of the order of i to x kgm-cal for the addition of one 
carbon atom, that is for a rise of boiling point of about 30 
degrees on the average. The whole effect of this rise in 
boiling point is only to increase the latent heat of evapo¬ 
ration by about 0.6 kgm-cal, so that an error in allowing 
for it is quite inadequate to explain the change. 

In the same way we have assumed a temperature co¬ 
efficient of the latent heat of evaporation of 0.013 kgm-cal 
per degree. To account for a difference of i to x kgm-cal 
on a rise of 30 degrees we should need a temperature coeffi¬ 
cient of 0.03 to 0.06; and as may be seen from the list on 
page 104, not even sulphur dioxide in the neighborhood of 
its critical point, gives a value larger than 0.0x3. 

(3) It would seem, therefore, that the difference must 
be real. If so it might be attributed to our having de¬ 
termined the values at xo° whereas they should, strictly, be 
determined for molecules that have no rotational or vibra¬ 
tional quanta, that is at the absolute zero. We might 
imagine that the effect of the increased number of degrees 
of freedom in the larger molecules would be to enable 
them to acquire more energy in these forms in rising to 
x93°Abs. This, however, could only be a second-order 
effect; in making an allowance for one C—C and two C—H 
links derived from the heats of formation of methane and 
ethane we have already assumed a heat content at io°C 
proportional to the number of atoms in the molecule, and 
any further change in ascending the series could occur 
only if the heat content increased more rapidly than the 
number of atoms. This explanation also can be shown to be 
inadequate. The total integrated heat capacity of a gram- 
molecule from absolute zero to 3oo°Abs. may be taken to 
be somewhere between i and x kgm-caf per atom, and the 
increase for a CH2 group therefore from 3 to 6 kgm-cal. It 
is not likely that the second-'order variations of this quantity 
amount to something like a third of its total amount, as 
we should require to assume if this hypothesis were adopted. 

We are, therefore, reduced to the last explanation: that 
the heat of formation of the link C—X in C„H2n+iX is 
really greater the larger the value of n. This does not seem 
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to be impossible. When a hydrogen atom in a paraffin is 
replaced by another atom or group X, the equilibrium of 
the molecule is certainly disturbed. We know that a dipole 
is formed, and we may suppose that the orbits of the 
electrons surrounding the carbon atom which carries the 
group X are to some extent distorted. If there is only one 
carbon atom in the molecule this has to bear the whole 
of the distortion, but if there are several it can, at least to 
some extent, be shared between them. In this way it may 
happen that the potential energy of the molecule falls, 
and its heat of formation increases, as the molecule be¬ 
comes larger. This view is supported by the observation 
that no such effect occurs with the paraffins, i.e. where 
X = H. Here there will be no distortion of this kind, and 
so the values of the heats of formation of the links should 
be independent of the number of atoms in the molecule, as in 
fact they arc found to be. But though we can understand 
why this rise might not be observed with the hydrocarbons, 
it is difficult to explain its occurrence in practically all 
other types of organic compounds, and to about the same 
extent irrespective of the nature of the groups that they 
contain. 

This suggestion is not offered as a final solution of the 
problem; but it is necessary to mention the difficulty and 
deal with it as best we can. For a more detailed discussion 
we should require to determine the magnitude of the in¬ 
crease per carbon atom, and its relation to the nature of 
the group X. This is very difficult to do. The increase per 
carbon atom is of the same order as the errors in the mea¬ 
surement of an individual heat of combustion. If we plot 
for a scries of homologues the values of the calculated 
heat of formation of a particular link against the number 
of carbon atoms in the molecule, while we cannot fail to 
recognize the general tendency of the values to rise, it is 
impossible to give more than a very rough estimate of the 
slope of the curve. The obvious suggestion of examining 
the highest members of the scries, is impracticable be¬ 
cause it is precisely these compounds for which the errors 
in the heats of combustion produce the largest effects on the 
calculated value of the heat of formation of a unique link 
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in the molecule, and also for which the uncertain correc¬ 
tion for the latent heat of evaporation at xo° is the largest. 

All that we can do at present is to note this variation 
and, where the heats of combustion are at all uncertain, to 
plot the values for a series of homologues, to draw the 
most probable curve relating the value for the link to the 
number of carbon atoms, and, in order to reduce the values 
to a common basis, to give that which corresponds to the 
lowest carbon content. This has been done for all the 
values quoted in Table XXXI. 

Most of the data in Table XXXI are straightforward; 
but for those having reference letters assumptions have 
been made that are discussed in the corresponding notes. 


Table XXXI 
Heats of Formation of Links 
(In kgm-calories) 


link 

Heat 

Substances 

Link 

Heat 

Substances 

H—H 

H 

b 

Hsgas 

N=N 

X08 

N2 gas 

C-~C 

75 

Diamond 

N—H 

89.8 

Ammonia^ 

^al ^al 

71.14 

Paraffins 

N—H 

87.0 

Alkylamines ® 

Cal — Car 

79.40 

Aromatic 

0=0 

118 

O 2 gas 

Car Car 

37-17 

Aromatic 

0—H 

IIO.O 

H2O gas'* 

c==c 

12.3 

Olefines 

0—H 

106 

Alcohols'* 

cm: 

161 

Acetylenes 

S =5 

104 

S2 gas 

Cal-H 

93.61 

Paraffins 

S—H 

88.x 

HsS® 

Car-H 

101.73 

Aromatic 

S—H 

85.0 

Mercaptans ® 

C—N 

60.0 

Alkylamines ^ 

Se—H 

ca.66 

H2SC 

C=N 

1x5.3 

Isocyanates® 

Te—H 

ca.54 

HaTe 

C=N 

183.0 

Cyanogen 

F-~F 

64.0 

F2 

CMN 

187.5 

Acetonitrile 

Cl-Cl 

57-4 

CI2 

(MN 

183 

Isocyanides 

Br—Br 

49.8 

Br2 gas 

c—0 

76.5 

Ethers 

I—I 

36.0 

I2 gas 

c—o 

79-5 

Acetals 

F—H 

147.6 

HF 

c=o 

160 

Aldehydes 

Cl—H 

lOX.X 

HCl 

c=o 

167 

Ketones 

Br—H 

86.7 

HBr 

c=o 

i8x 

Esters ^ 

I—H 

70.9 

HI 

c=o 

CO 

H 

00 

H 

Carbon dioxide 

N—F 

75-3 

NFj 

CM) 

2 - 35-5 

Carbon monoxide 

N--C 1 

59 

Cl—N= 0 ^^ 

c—s 

6x 

Alkyl sulphides 

N—0 

64.x 

Methyl nitrite-^ 

c—s 

59-3 

Thiocyanates 

N =0 

1x5 

Nitrous oxide ^ 

c=s 

1x8.6 

Carbon bisulphide 

Cl—0 

47 - 2 . 

CI2O 

c=s 

130.9 

Isothiocyanates 

Cl—F 

88.1 

CIF 

C—Cl 

75 

Alkyl chlorides 

Cl—Br 

51.8 

ClBr 

C—Br 

6x 

Alkyl bromides 

Cl—I 

47-6 

ICl 

C-^I 

45 

Alkyl iodides 

Br—I 

4P- 

IBr 
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NOTES TO TABLE XXXI 


a C=N, this is on the assumption that in R—N==C=0 the C=0 
link has the same value (167) as in the ketones. 

b c=o, iSzkgm-cal in esters. It is here assumed that inR—C 

the C—O—R links have the same heat of formation as in the ethers. 
We should expect to find that the carbonyl group had a larger energy- 
content in the esters than in the aldehydes and ketones, since it is less 
reactive; but the difference is unexpectedly great, and it is remarkable 
that the same difference should be shown by the C=0 group in carbon 
dioxide. 


c jvf—3y in alkylamines, 89.8 in ammonia. 
d o—H, 106 in alcohols, no in water. 

® S—H, 85.0 in mercaptans, 88.x in hydrogen sulphide. 

The N—H value in the alkj^lamincs is got bv a comparison of the 
primary, secondary and tertiary amines, which gives us independent 
values for C—and N—-H. The O—H and the S—H values are obtained 
by assuming that C—O and C—S arc the same in the alcohols and 
mercaptans as in the ethers and thioethers respectively. It will be 
noticed that the heats of formation of all three links, N—H, O—H and 
S—H are 3 or 4 kgm-cal less in the organic compounds than in the hy¬ 
drides. This may be due to the greater symmetry of the latter. 

ff N== 0 , 1x5 kgm-cal is half the heat of dissociation of nitrous 
oxide, of which the formula may be taken to be Nt= 0 =^N. 

/ —o, 64.x; this is obtained from the heat of formation of 

methyl nitrite, CHs-MD —-O, using the value 1x5 for N=0. 


EFEECT OF MULTIPLE LINKS 

The change with the multiplicity of the link of the 
heat of comHnation of carbon with carbon has already 
been discussed. Table XXXII gives the mean absolute and 
relative heats of single, double, and triple links for all the 
elements for which we have data. 

Table XXXII 


HeaU of Formation of Multiple Links 


Link 


Absolute 



Relative 



A—B 

A^B 

AssMB 

A—B 

A^B 

A&B 

c—c 

71 

1x3 

161 

X 

1*73 

x.xfi 

C—N 

60 

1x5 

184 

I 

X.08 

3*07 

c —0 

77 

ifi 4 

2-35-S 

X 

X.13 

3 -ofi 

c—s 

fix 

1x9 


X 

x.08 

— 

N —0 

fi 4 

1x5 

— 

X 

^•95 

— 
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III 


The exceptional position of the C—C link is very 
marked. A possible reason is that in all the links except 
this, at least one of the atoms concerned has unshared 
valence electrons, which may be capable of taking up the 
strain. 

Chlorination Products of TS/lethane 
In methylene chloride, chloroform, and carbon tetra¬ 
chloride we know the magnitudes of the valence angles 
(page 89); and it is of interest to see what are the heats 
of formation. The values for one C—Cl link in compounds 
of this class are given in Table XXXIII. 


Table XXXIII 


Heats of Formation for a C—Cl Link in the Chlorination 
Products of M.ethane 


CHsCl 

C—Cl 

CHa-CHjCl 

C—Cl 

CHsCI-CHzCl 

C—Cl 

CHs-CHCh 

C—Cl 

CHCls 

C—Cl 

cell 

C—Cl 


74.7 kgm-cal 
77.6 

75-9 

75.8 

72-5 

7^.6 


The differences are small; but there is an indication 
that as the number of chlorine atoms attached to one car¬ 
bon atom increases and these are pressed closer together, 
the heat of formation diminishes and the energy-content 
of the molecule increases. 


FORCE CONSTANTS OF LINKS 

A characteristic property of a covalent link that may 
be discussed here, since it is an energy property, is the 
force constant already mentioned in connection with the 
spectroscopic methods of determining interatomic dis¬ 
tances (see page yz). This constant measures the resis¬ 
tance of the link to deformation. Its importance was first 
pointed out by Dadieu and Kohlrausch,^’^ who were able 
to identify particular lines in the Raman spectra of organic 
compounds with particular atomic groups. The Raman 

A, Dadieu and K. W. F. Kohlrausch, Ber., 63, X51, 1675 Kohlrausch, T>er 

Smkal-Kaman Effekf (Berlin, 1931), p. 154. 
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lines, as we have seen, are due to the absorption hy the 
molecule of vibrational quanta, which changes the fre¬ 
quency of the light by an amount v, and its energy by hv. 
This energy change must be equal to the vibrational 
quantum, which is hoi where a is the frequency (sec“^) 
of the vibration. We can thus determine the magnitude of 
the restoring force K which resists the change in the length 
of the link. For small displacements it may be assumed that 
the force is proportional to the displacement x, so that 

K = f.x 

where / is the force constant. For a simple diatomic system 
of this kind it follows from elementary mechanics that: 

£0 (dyncs/cm) = ^ 

where M is the “reduced mass” given by 

i/U = i/Mi ■+■ 1/M2, 

M-i and M2 being the masses of the atoms. 

Thus if we know the displacement of the Raman lines, 
and the atoms that compose the vibrating link, we can 
calculate theforce constant,/. Weean also find theamplitude 
a of the vibration and the mean restoring force K during 
the vibration, from the equations: 

a (cm) = 8.187 X io“® Vi/Mco 

K (dynes) = X4.0 X 10“^® VMZ? 

Values of the force constant, /, for a series of single, 
double and triple links, are given in Table XXXIV ; they 
are taken from the works of Dadieu and of Kohlrausch 
already quoted.®’' They are roughly proportional to the 
heats of rupture of the links to which they refer; in fact it 
has been shown that the ratio /: A varies over a wide range 
of examples only in the proportion of about x:i. 

It is interesting to compare the variation of the force 
constant, and its dependence on the multiplicity of the 
link, with the behavior of the heats of formation given in 
Tables XV and XXXI. The results of this comparison arc 
given in Table XXXV. 
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Table XXXIV 

Force Constants from Optical Data 
(J ia. dyncs/cm X lo®) 

Single Links 


Link 

/ 

Compound 

Link 

/ 

Compound 

H—H 

5.06 

H2 

c—c 

4 - 3 ^ 

CjHs 

Cl—Cl 

X.Ul 

CI2 

C—Cl 

3.ii 

CH3CI 

Br—^Br 

2-47 

Bra 

C—Br 

2.. 61 

CHsBr 

I—I 

1.69 

I2 

C—I 

L.I 5 

CHsI 

H—Cl 

4*4 

HCl 

c—s 

3.01 

CH3SH 

H—Br 

3.56 

HBr 

S—H 

3*77 

CH3SH 

H—I 

2-5 

HI 

C—N 

4-86 

CH3NH2 

S—O 

4*93 

SO2 

N—H 

6.04 

CH3NH2 

N—H 

6.39 

NHs 

c —0 

4*99 

CH3OH 

C—H 

4.58 

CH4 

0—H 

6.34 

CH3OH 


Double Links 


Triple Links 


Link 

/ 

Compound 

Link 

/ 

Compound 

0=0 

II.3 

02 


X2..X 

N* 

s=o 

7 .X 3 

SO2 

c=o 

18.6 

CO 

c=c 

9.36 

C2H4 

(=N 

17.9 

HCN 

c=o 

II.9 

H2C0 

(=Nr 

17*9 

CH3CN 




(=C 

16.4 

C2H2 


Table XXXV 

Comparisons of Force Constant and Heat of Formation 


Single links: Maximum 

Force 

constant 

6.39 

Heat of 
formation 

148 

Minimum 

1.69 

36 

Ratio 

3.8 

4-1 

Msan 

4. OX 

75 

Double links .-Maximum 

II.9 

i8x 

Minimum 

7-2-3 

104 

Ratio 

1 . 6 

1.8 

M.em 

9-95 

134 

Mean per link 

5.0 

67 

Triple links; Maximum 

XX.X 

X36 

Minimum 

16.4 

161 

Ratio 

1.4 

1.5 

Mjsan 

18.6 

197 

Mean per link 

6.x 

66 
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It will be seen that the variations, and the influence of 
the multiplicity, are much the same for both constants; 
the greater variability of the single-link values is largely 
due to our having far more data for this class of link. 

The heats of formation are of more importance inas¬ 
much as they tell us the thermodynamic stability of the 
molecule; but the force constants have the advantage that 
it is possible, with the help of the Raman data, to follow 
the variation of the constant for a particular link through 
a whole series of molecules, and find how it is affected by 
the other groups that the molecule contains. The investiga¬ 
tion of this subject has only recently begun, and a^resent 
it has scarcely got beyond the qualitative stage. Tnerc is 
no doubt, however, that it will prove of great value, be¬ 
cause it enables us to observe the behavior of one particular 
link in a number of molecules, whereas with such prop¬ 
erties as the heat of formation and the electrical dipole 
moment we can measure only the value for the whole 
molecule, and the elimination of the contributions to this 
value made by the other links in the molecule always in¬ 
volves some uncertainty. 



CHAPTER V 

Electrical Dipole Moments 
Literature of Dipole Moments 

Tkis subjea, which is, for practical purposes, scarcely more than 
four years old, has already attained great importance, and the litera¬ 
ture is considerable. In addition to papers in journals, which will be 
referred to in due course, there are a series of monographs of which the 
most important and authoritative is Debye’s Polar Molecules;^ its Ger¬ 
man edition, published later in the same year, contains more material, 
and two supplementary lists have been issued, with all the moments 
measured up to the end of 1919 and 1930 respectively. This work goes 
far more deeply into the underlying questions of pure physics than I 
have attempted to do. Hojendahl’s dissertation^ gives a useful review 
of the subject, with discussions of many of the more important ques¬ 
tions. Sack’s article* I have found most valuable. The volume of 
Leipziger Vortrage for 1919 contains a series of original contributions of 
importance. Williams has published a useful discussion under the title 
"Molekulare Dipolmomente und ihre Bedeutung fur die chemische 
Forschung.”^ 

Smyth’s recent volume* gives a full discussion of the theory of 
dipole nioments and the chemical bearing of the results, and farther of 
certain allied subjects, such as the refractive power. It also contains a 
list of the most probable values of the moments of all substances that 
have been measured up to the spring of 1931. It is unfortunate that 
neither Debye’s nor Smyth’s list states the conditions of measurement, 
whether the substance was a gas or in solution, and if the latter, 
in what solvent; nor do they state whether the electron polarization 
was eliminated by the optical or the temperature method. 

1 would also acknowledge my indebtedness to Dr. L. E. Sutton of 
Magdalen College, Oxford, for many valuable suggestions and criticisms 
on this chapter. 

^ Debye, Polar Moltcukr, Chemical Catalog Co., New York, 13x9. 171 p. (German 
edition: Folare Mokkeln, Leip2:ig, 1315). 

2 Hojendahl, Studies of Dipole Mments (Dissertation, Copenhagen, 1918; in English). 

® Sack, “Dipolmoment und Molckularstruktur,'’ Ergebnisse exahen Wissen., 8 , 307-366 
(1313). 

4 W. Williams, Fortschritte Cbm., Fbystk, pbysik Cbm., no, Heft 5 (1330). 

® C. P. Smyth, Dielectric Constant and Molecular Structure. New York, 1931.114 p. (Am, 
Chem. Soc. Monograph Series, No. 55). 
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E very molecule consists of positive nuclei surrounded 
by negative electrons. If their arrangement is such that 
the center of action of the positive parts coincides with 
that of the negative parts, the molecule is non-polar and 
has no tendency to take up any definite position in an 
electric field. If the two centers do not coincide, the mole¬ 
cule is polar:” it is equivalent electrically to a rod with a 
negative charge at one end and a positive charge at the 
other, and in the field will tend to arrange itself with its 
negative end toward the positive pole. It is thus said to 
possess an electrical dipole moment, the magnitude of 
which is given by the product of the charge, e, on one end 
of the equivalent rod, into the distance, d, separating the 
two charges. 

Every isolated atom is non-polar. When two neutral 
atoms form a covalent link, and share two electrons between 
them, they may or may not acquire a dipole moment. If the 
two electrons arc shared equally, so that they count as 
much for each of the atoms, the center of action of the 
negative parts will not be altered and the molecule will 
have no moment. But if they are shared unequally, the 

® This is the original meaning of the words ‘*]poIar'' and “non-polar** in physics, and 
it is very desirable that chemists should not use tnem in any other. Their emplorment in 
chemisay with a quite different sense originated in a paper by G. N. Lewis—/, Am. Chm. 

1448 —in which he distin^ished two forms of chemical combination 

differing “not only m degree but also in kind“: a polar form, as in potassium chloride, and 
a non-p>lar, as in methane, Lewis gave lists of typical polar and non-polar substances; his 
polar use includes not only dehnite salts, but also associated substances such as alcohol; his 
non-polar list contains covalent non-associated substances such as the hydrocarbons. This 
has led to the use of the terms polar and non-polar to distinguish abnormal associated 
liquids from normal and non-associated—^f, Hildebrand, Solubility (New York, 1924), 
p. 84. Other chemists use the words to desi^ate electro valent and covalent molecules, hi 
this way a double confusion has arisen. In the first place, Lewis* list of polar substances in¬ 
cludes both electrovalcnt compounds, like potassium chloride, and covalent compounds, 
like the alcohols and water. Secondly, his non-polar liquids, although they are all cova¬ 
lent, are some of them non-polar in the proper sense, such as the paraffins and benzene, 
while others arc definitely polar such as toluene or chloroform. The meaning of the terms as 
now used is thus entirely ambiguous. Everyone would call potassium chloride polar, and 
methane non-polar. Alcohol would be called polar by Lewis and Hildebrand and by the 
physicists, but not by those who use “polar^ as meaning **clectrovalcnt.“ Chloroform 
Qor toluene) would be called non-polar by Lewis and Hildebrand and by those who use the 
word in the soisc of covalent, but polar by the physicists, since it has a definite dipole 
moment. 

The only way out of this confusion is to avoid using the words “polar** and “non¬ 
polar,** except in their original physical sense of possessing or not possessing an electrical 
dipole moment, The two icinds of linkage can be called **clcccrovalcnt*‘ and “covalent"; 
the two kinds of liquids, whose differences Hildebrand discusses, can be distinguished as 
“abnormal*’ and “normal.** 
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molecule will be j)olar, the atom which has the larger- 
share of the two binding electrons being the negative end ■ 
of the dipole. 

In Lewis’ original formulation of the covalent link, the 
question of the equality or otherwise of the sharing was 
not discussed; indeed on the static model that he used this 
question did not arise. It thus came to be assumed that the 
sharing was equal, and that normal covalences gave rise to 
non-polar molecules.The physicists, however, had shown 
before this that certain molecules, such as water and hydro¬ 
chloric acid, must be polar. Debye pointed out® that this 
must be assumed in order to explain the change of polariz¬ 
ability with temperature, and he deduced the formula re¬ 
lating these two magnitudes. Two years later J. J. Thom¬ 
son® did the same thing, and he subsequently developed the 
idea, showing how polar and non-polar molecules could 
be distinguished experimentally by the fact that the former 
did not agree with Maxwell’s law that the dielectric con¬ 
stant was equal to the square of the refractive index 
(below, p. 1x8). The methods by which the magnitudes of 
these moments can be measured are mainly due to Debye, 
who has developed and simplified them greatly during the 
last few years. We now realize that the dipole moment is] 
one of the most fundamental characteristics of the covalent j 
link, and has an important relation to its behavior. ' 

METHODS OF MEASUREMENT 

The methods employed for measuring dipole moments 
depend almost wholly on the determination of the di¬ 
electric constant. If a condenser containing two charged 
olates in vacuo is filled with a dielectric, the potential of the 
olates falls—the capacity increases—and the attraction 
between them is diminished. This is due to an influence 
exerted by the field on the molecules of the dielectric, and 
the change is a measure of the amount of the influence. The 

’’ That a co-ordinate link, in which both the linking electrons come horn the same 
atom, must have definite polarity, was pointed out by Lowry and others. 

8 Debye, l^hystL 2 ., 13, 97 

8 J. J. Thomson, fUl. Mag., [6] 757 03 ^ 4 )^ 

J. J. Thomson, The Electron m Chemistry Q 3 hapman and Hall, London, 19x3), p. 44* 
For the conations of accurate determination of the dielectric constant see N. Harts¬ 
horn and D. A. Oliver, Free. Ficy. Soc. London, 1^3, 664 Ci9i9)- With benzene they dai® to 
have reached an accuracy of i in 10,000. 
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dielectric constant, e, is: (i) the ratio of the capacity of the 
condenser filled with the medium to its capacity when 
vacuous. This is identical with (a) the ratio of the elec¬ 
trical force between two charged bodies vacuo to the 
force between the same bodies in the medium. It can also 
be shown (3; Maxwell’s law) that e is equal to the 
ratio of the square of the velocity of electromagnetic waves 
in the medium to the square of their velocity in vacuo, or in 
other words that e is the square of the refractive index, 
provided waves of the same frequency are used to measure 
both the dielectric constant and the refractive index. 
The so-called “ Clausius-Mosotti law,”^® which is true 
only under certain strict limitations to be considered later, 
states that the molecular polarization P of a substance of 
molecular weight M. and density d, is related to the di¬ 
electric constant by the equation: 

^ “ €-1-2. d 

This corresponds to the Lorentz-Lorenz formula^^ for 
the molecular refractive power of a medium of refractive 
index «: M. 

^ ~ «*-|-x d 

which was in fact derived from it and is much more widely 
applicable, as will be shown later. 

If we have a mixture of two liquids of molecular polari¬ 
zations Pi and P2, molecular weights Mi and M2, present 
in the molecular fractions /i and /2 C/i + /z = i), we can 
express the mean molecular polarization of the mixture 
Pi,2 by writing the Clausius-Mosotti relation in the form: 

„ 6-l//iMi-b/2M2\ 

= 1 ) 

e-iZ/iMi /2M2\ 

~ d d ) 

— flP I + /2P2 

For static meastircoient of the dielectric constant the value obtained is the square of 
the rej&ractive index for infinite wave length. 

F. Mosotti, M(W». accad. set. Modena, math.-fis., II, 49 (1850); R. Clausius, 
Mechanische WSrmethoru CBraunschweig, 1879), Vol. x, p. 6x, 

H. A. Lorent2, Ann, Physik, 9, 641 (1880); L. Lorenz, ihidm, ii, 70 (1880). 
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In this way we can determine the molecular polarization 
of a substance either alone or as the constituent of a mix¬ 
ture. This is of the dimensions of a volume, and may lie 
anywhere between i and 1000 cc. 

If the Clausius-Mosotti formula were strictly true, the 
value of P obtained for a given substance would be in¬ 
dependent both of the concentration and of the tempera¬ 
ture. In practice, however, it is found that the value is 
usually affected by both of these variables. The change 
with concentration is due to the influence of the dipoles 
on one another, which naturally increases as they get 
nearer. It has not yet been found possible to calculate the 
magnitude of this influence Csee below, page 170}, and so 
all that can be done is to eliminate it by removing the 
dipoles sufficiently far from one another, either by examin¬ 
ing the substance as a vapor or by taking a dilute solution 
of it in a non-polar solvent. In what follows it will be 
assumed that the concentration of the substance is small 
enough for the mutual influence of the dipoles to be 
negligible.^® 

In order to understand the effect of temperature, we 
must consider the nature of the polarization in more detail. 
The polarization of the molecules in an electric field can 
take place in three ways: 

Cl) The arrangement of the electrons will be displaced 
with respect to the nuclei towards the positive pole of 
the field. This is what is called the electron polarization, Pb. 

Ci) As a result of this deformation of the electronic 
orbits, the nuclei themselves will be to some extent dis¬ 
placed with respect to one another; this gives the atomic 
polarization, P^,. This effect is usually small compared 
with Pe. 

(3) These two effects give the molecule a temporary 
dipole moment, whose direction is determined by that of 
the field. But if the molecule has a permanent dipole 
moment of its own—if it is polar—^the field will tend to 
orient it along the direction of the lines of force, giving 
rise to the orientation polarization, P©. This tendency will 

Tkis mutual influence makes any conclusions drawn from the dielectric constants 
of pure polar liquids of little value, except as showing in well-marked instances that they 
arc polar. 
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be opposed hj the thermal agitation or Brownian move¬ 
ment of the molecules. With any fields ordinarily used the 
amount of orientation is small, and therefore proportional 
to the field strength, which explains why the dielectric 
constant is found to be independent of the strength of the 
field. For very large fields, in which the amount of orienta¬ 
tion was very great—approaching “saturation”—this 
would no longer be true. 

Since the orientation—^and hence this term of the 
polarization—is the result of a conflict between the in¬ 
fluence of the field and that of the thermal agitation, it 
must diminish as the temperature increases. The exact 
relation was deduced by Debye.* If we call the electronic 
and atomic susceptibilities, which are independent of the 
temperature, ao per molecule, the total molecular polariza¬ 
tion is given by: 



where N is the Avogadro number (number of molecules in a 
gram-molecule = 6.06 X 10**), T the temperature, and k 
the gas constant per molecule (k = R/N) and jx the dipole 
moment. 

It is thus evident that if we measure e, and hence P, at 
a series of temperatures, two results are possible. If the 
molecules are non-polar, and their polarization is only 
electronic and atomic, we shall find P to be constant. If, 
however, they are polar, the effect of the last term will 
diminish as the temperature rises, and the polarization 
will fall off. The simplest way of calculating the dipole 
moment is to plot the polarization against the reciprocal 
of the temperature. Debye’s equation is of the form: 


P = A. 'Tjn 

where 



B = 


471N , 

-T'M* 

9 ^ 


Hence the plot will in any case give a straight line. If the 
substance is non-polar, fj, — o and P == o, so that the line is 
horizontal. If it is polar, ju and hence B have finite positive 
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values, and the line will be inclined to the horizontal at an 
angle from which fi can be calculated. If we put the numer¬ 
ical values of N and ^ (1.37 X io~^®) into the above equa¬ 
tion for B, we get: 

fi = 0.01x7 -y/B X io~^® 

in electrostatic units. Thus for ammonia Jona^® found 
B = 15 150 cc, whence fi— 1.57 X io~^® electrostatic unit. 
All the dipole moments that have been measured are of this 
order of magnitude, as is to be expected, since the moment 
has the dimensions of a charge multiplied hj a distance; 
the electronic charge is 4.77 X 10“^® electrostatic unit, 
and the molecular distances are of the order of io~® centi¬ 
meter. 

This method of measuring dipole moments, in which 
the electronic and the atomic polarizations are eliminated 
by making determinations at different temperatures, is un¬ 
doubtedly the most accurate. It can be applied both to 
gasesand to dilute solutions in non-polar solvents.^® 
It has, however, the disadvantage that the range of temper¬ 
ature required for accurate residts is rather large. With 
stable gases this may not matter, but with many organic 
substances the temperature range of stability is somewhat 
limited. 

A more convenient method has been introduced by 
Debye and Lange that is accurate enough for ordinary pur¬ 
poses, in which the electronic polarization is eliminated 
in another way. 

M- Jona, Physik, Z., ao, 14 (1319)* 

For an example of its application to gases sec Sanger, Leipiiger Vortrdge^ 19^9, i. 
A peculiar difficulty arises with gases in the determination of the concentration. This is 
usually calculated from the pressure, assuming the simple gas laws to hold. But the normal 
departures of gases from these laws are often sufficient, at pressures near that of the atmos¬ 
phere, to lead to serious errors; these can only be avoided either by actual measurement of 
the concentration or by measuring the dielectric constant at a series of diminishing pres¬ 
sures, until a point is reached below which the molecular polarization, calculated on the 
basis of the simple gas laws, is independent of the pressure. 

When a substance is believed to be non-polar this can be tested by measuring the 
dielectric constant of the pure liquid over a considerable range of temperature. Thus Smyth 
and Stoops— J. Am. Chtm. Soe., 50, 1883 C132.8)—found that with the isomeric heptanes 
the molecular polarization varied less fiian 2. per cent over a range of zoo degrees,' and 
agreed with the refractive power within i cc. Tmis is conclusive proof that the substances 
arc non-polar. See also Dornte and Smyth, /. Am. Chm. Soc.^ 5a, 3546 (1530). 
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If we plot the polarization or refractive power of a polar 
substance against the wave length of the radiations, over a 
range from long radio waves down to the ultra-violet, 
there is obtained a curve of the form shown in Figure 6. 

The extent of the electronic, atomic and orientation 
polarizations are indicated on the vertical axis. The 
electronic polarization, F^, is effected hy the field with 



very great rapidity. The electrons have so small an inertia 
that the distortion of their orbits keeps step with the 
oscillations of the electromagnetic waves up to very high 
frequencies lying far in the ultra-violet, say loooA and fre¬ 
quency 3X10^* waves per second. The atomic polarization. 
Pa, is much less rapid, owing to the greater mass of the 
nuclei; it follows the oscillations of the field up to the infra¬ 
red, say 30 to 3oo)u and frequency 10^® to lo’-® waves per 
second;^® but its effect is small compared with Pb and often 
may be neglected.®® 

The third term, Pq, is due to the orientation of the 
molecules that have permanent dipoles, and this is a rela¬ 
tively slow process requiring about io~’^° second, cor- 

See Ebert, j ^ X9a9, 55. 

W6l£—PhysiL Z., 31, X 2 .j (i53o)^considcrs that Pa may be taken to be 15 per cent 
of Pb; bnt while this probably gives a correct idea of the order of magnitude, it is clear 
that the actual values vary greatly with different substances. 
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responding to very short wireless waves of 3 centimeters.^^ 
In practice the waves used for measuring dielectric con¬ 
stants are never shorter than 2. meters, partly in order to 
avoid this region of anomalous dispersion and partly on 
account of the difficulties of measurement. 

Accordingly, if we measure the dielectric constant for 
waves somewhere in the visible spectrum, this will give us 
the electronic polarization, since there will not be time be¬ 
tween one wave and the next for the molecules to turn 
round. But as we have seen, the dielectric constant for 
visible light can be obtained from the refractive index by 
means of the Lorentz-Lorenz formula, which is the 
Clausius-Mosotti formula with the square of the refrac¬ 
tive index in place of the dielectric constant. Thus the 
electronic and, approximately, the atomic polarization is 
given by: n^-i M 


The value calculated in this way, is subtracted from the 
total polarization (a§ measured by means of wireless waves 
having a wavelength of, say 100 meters and a frequency of 
2 X10^ as follows: 

p 4 .p_up 


and in this way we arrive at the molecular polarization, 
and so at the dipole moment. 

This method of correction is less certain than that 
which depends on the temperature, especially in two cases: 
(i) where the electronic and the atomic polarizations are 
not much less than the total polarization, particularly 
when it is a question of determining whether a substance 
has a small permanent moment or none; and (x) if there is 
an absorption band, due to a quantum effect, near the wave¬ 
length selected, since in the neighborhood of such a band 
the refractive index varies anomalously. The method is 
thus less certain with strongly colored substances. How¬ 
ever, where the results seem, for either of these reasons, to 
be open to doubt, they can usually be checked by the tem¬ 
perature method. 

See Lunt and Ran, Froc. Rioy. Soc. London, xuS, zi3 (1930)* 
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Deb7e’s method then is as follows: The dielectric 
constants of dilute solutions of the substance to be ex¬ 
amined in a non-polar solvent, such as benzene or carbon di¬ 
sulphide, are measured by a wireless method. The mole¬ 
cular polarizations for the solute, Ptotai, are plotted against 
the concentrations, and the curve extrapolated to infinite 
dilution, where the mutual influence of the dipoles is zero; 
this does not usually involve any serious error. The re^ 
fractive indices are measured, usually with yellow light 
(sodium or helium) and the calculated molecular refractive 
powers—^unless they are found to be constant—are also 
extrapolated to infinite dilution. From the extrapolated 
values the molecular polarization and hence the dipole 
moment can be determined. The method can thus be used 
for any substance that is even sparingly soluble in a non¬ 
polar liquid, such as benzene or heptane. 

This method has repeatedly been checked by comparing 
its results with those obtained by the temperature method 
either in the gaseous state or in solution. The agreement, 
when the moment is not too small, is good.“ This is illus¬ 
trated by the following examples, in which the solvent 
used—if any—is specified under “Method”; T is the tem¬ 
perature method, R is the refractive index method, and as 
throughout this volume is in terms of the unit i X 10“^® 
E. s.u.: 


Substance 

M 

, ^fcthod 

Acetone 

1.84 

Gas, T 



Benzene, R 


z.yo 

CCI4, R 

Methylene chloride 

1.59 

Gas, T 


1-55 

Benzene, R 


1.48 

CCI4, T 

Chloroform 

1.05 

Gas, T 


1.05 

Hexane, R 


1.10 

Benzene, R 

(^nol diethyl ether 

1.76 

Benzene, R 


i.yx 

CCI4, R 


1-74 

CS2, R 


1-74 

Cyclohexane, R 


** Any value less than 0.4 X io~“ obtained by the optical method may mean that the 
substance is non-polar. 
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It is desirable, however, that wherever the moments 
are small or of special interest they should be tested by the 
temperature method. The solvent, when there is one, is also 
of importance. Those most commonly employed are car¬ 
bon tetrachloride, carbon bisulphide, parafEns, and most 
frequently benzene; recent work has shown that benzene 
in particular is liable to enter into some kind of combina¬ 
tion with certain solutes and so affect their moments: 
thus iodine has a moment of i.o in benzene and zero in 
hexane and cyclohexane;^® aluminum bromide, which is 
non-polar in carbon bisulphide, has in benzene a moment 
of no less than 4.89.®^ When a substance is very slightly 
soluble in the usual non-polar solvents it is natural to 
look for one in which it dissolves more freely; but this is 
dangerous because the very fact of its greater solubility in 
a particular solvent suggests that it combines with this 
solvent. 

The probable errors of the values obtained by either of 
these methods®® do not normally exceed o.i, the actual 
valjies lying, as a rule, for polar substances between 0.4 
and 4.0. In the more recent determinations the accuracy has 
been increased. 

M-oUcular Beam tAethod 

There is a third method of determining dipole moments, 
quite different from the other two, which though it does 
not at present give such accurate results, can be employed 
where the others fail; it has certain other advantages as 
well, especially in being quite independent of dielectric- 
constant determinations, so that it affords a welcome con¬ 
firmation of their results and of the truth of the general 
theory. This is the method of the molecular beam,®® 
founded on the famous atomic beam experiments by 
Stern and Gerlach for the determination of the mag¬ 
netic moments of atoms. It was first applied to the de¬ 
termination of the electrical dipole moments of mole- 

Williams, Physik. Z., ^9, 683 (19x8); Muller and Sack, Phystk. Z., 31, 815 093 °)* 
^ Ulich and Ncspital, Z. Elektrochm., 37, 559 (1931). 

2® For a discussion of these errors sec: Ebm, Leifxiger VortrSge, X9:29, p. 44, 

For a full account of this method and its various applications sec R. G. S. Fraser, 
Molecular Pays, Cambridge, 1931. 
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cules by Wrede,” who showed in this way that the 
molecules or ion-pairs of alkaline halides in the vapor 
state have moments of the order of loX the method 

was greatly extended by Estermann,^® who applied it to 
organic substances. The substance to be investigated is 
heated in a minute oven to a temperature at which it has 
a perceptible but very low vapor pressure. A stream of 
molecules very far removed from one another, and with the 
velocity given by their temperature in accordance with the 
gas laws, issues from this oven through a narrow slit, 
about o.oi mm wide, into a high vacuum. By means of a 
second slit this beam is cut down to a narrow and very 
fliin ribbon of rays. This ribbon is passed through a highly 
inhomogeneous electric field, one pole being in the form 
of a knife-edge in the line of the beam and the other a half¬ 
cylinder enclosing this. Finally the molecules are received 
on a brass plate cooled with liquid air, and the trace that 
they form is observed through a microscope. 

Under these conditions the molecules are too remote to 
collide with one another. If the field is not on, they go 
straight through the apparatus and condense in a narrow 
vertical line on the receiver. If the field is put on—^Ester- 
mann used li,oooV —^it will affect even non-polar mole¬ 
cules; the electronic polarization produces an induced 
dipole, and this leads to a movement towards the stronger 
part of the field, so that the trace is shifted; thus with the 
non-polar diphenyl it was shifted by o.i mm. But as the 
direction of the induced dipoles is wholly determined by 
that of the field, all the molecules are affected equally, and 
the trace shifts as a whole, retaining its narrow form, less 
than 0.15 mm wide. If however the molecules are polar, 
the displacement caused by the field on any one of them 
depends on the direction which the dipole has with respect 
to the field as it passes through; and as these directions are 

Wrcdc, Z. Physik, 44,161 (1917). 

^ The intcmticlcar distances in these halides being from z to 4A, their moments, if the 
ions arc not distorted, should be from loX to zoXio~^® electrostatic units. 

Estermann, Z. Cbm*, Bi, i 6 z(i^z%'} 0 b$dem, Ba, x87(i9z8|; Leips(iger VortrMge, 

P-17. 
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distributed at random the result is to broaden the trace, 
and the amount of broadening is a measure of the dipole 
moment. It has not yet been found possible to relate the 
broadening accurately to the moments; but comparative 
observations with substances whose dipole moments had 
been measured by means of the dielectric constant, showed 
a good qualitative agreement and made it possible to get 
a rough measure of the moments of other substances. For 
example, the following breadths of trace were observed; 

diphenyl Qn = o) <0.15 mm 

diphenyl ether (^/i = i.o) 0.30 mm 

methyl ^-aminobenzoate Q/i 3.3) 0.7 mm 

No doubt when the technique is further developed the 
accuracy will be much increased. 

This molecular beam method is available for use with 
substances that cannot be examined by the other methods 
because they are not soluble enough in non-polar sub¬ 
stances, and are not sufficiently volatile at temperatures 
at which they remain undecomposed to give vapors suffi¬ 
ciently dense for their dielectric constants to be measured. 
Both these difficxilties are likely to arise with compounds 
of high melting point. The only necessary condition of its 
application is that the substance should be capable of be¬ 
ing sublimed in a high vacuum. The most remarkable in¬ 
stance in which it has been used is that of penteiythritol, 
G(CH20H)4, whose melting point is L5 o° to 2.55°, which 
was shown to have a moment of about x.o. The theoretical 
bearing of this result is discussed later. 

The method has the further advantage that it gives a 
direct measurement of the behavior of individual molecules 
so far apart that no possible complications can arise 
through their interaction with one another or with a 
solvent. 

80 The separation into two traces observed in the magnetic experiments of Stem and 
Gerlach and their followers, does not occur here. The moments of inertia of the molecules 
are so much greater than those of the atoms in the magnetic experiments that the eleeme 
fields employed are not sufficient to bring about the separation. It is possible that with 
farther refinements of experimental detail the separation may be made perceptible. 



138 


Dipole Momeistts : Results 


RESULTS 

We have now to consider the results obtained by these 
various methods. Here there are certain preliminary points 
to be noticed. 

(i) Since the gases are examined at low pressures, and 
the results in solution are extrapolated to infinite dilution, 
association in the ordinary sense, as for example with 
alcohols, is excluded. 

(i) The value obtained is in every case that of the 
resultant moment of the whole molecule, and except in 
diatomic molecules is made up of several individual 
moments that must be compounded vectorially, as directed 
magnitudes. As our object is to discover the moments of 
individual links, we shall have to consider by what means, 
and with what accuracy, the separate values can be disen¬ 
tangled. 

(3) The value obtained is that of the moment jx=eXd, 
but this does not tell us the separate values of e and d 
for the shared electrons. 

(4) The result of the measurement is to give us the 
magnitude of the moment, but not its direction. Thus the 
dielectric constants show that the moment of hydro¬ 
gen chloride is i .03, but we do not know from this whether 
the hydrogen or the chlorine is the positive end of the 
dipole. With some molecules, as with hydrogen chloride 
itself, this may be more or less certain from other consider¬ 
ations, but very often it is in doubt. A very ingenious 
method was suggested by J. J. Thomson®* and worjiced out 
by Williams,*® which is of great aid in settling this ques¬ 
tion. If two groups are introduced into the para position in 
benzene, they will be symmetrically disposed with respect 
to the ring, which we now know to be plane; if their mo¬ 
ments are similarly directed with respect to the carbon 
atoms to which they are joined, they will oppose each 
other and the resultant moment will be approximately the 
difference of those produced by cSach group separately; if 
they are oppositely directed it will be their sum. Strictly 

Where the tciideiic}r to association is exceptionally strong, as in the carboxylic acids, 
this is probably no longer true. 

J* J- Thomson, Phil. Mag.^ [6] 46, 513 (192.3)- 
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other, must be non-polar. Accordingly we find that the 
inert gases are non-polar,®® having no links at all; so also 
are the diatomic elementary gases hydrogen, nitrogen and 
oxygen, in which, as the atoms are similar, the electrons 
are presumably equally shared. The small moments re¬ 
corded for chlorine, o.l 3,®® and bromine, 0.49,®'^ are prob¬ 
ably erroneous; iodine, as we have seen, is non-polar in 
solution in hexane and cyclohexane. 

Diatomic molecules of compounds, such as hydro¬ 
chloric, hydrobromic and hydriodic acids, and carbon 
monoxide, are all polar so far as they have been measured. 

Triatomic molecules of the type ABj—the moment of 
ozone is unknown—should be non-polar if the three 
atoms lie in a straight line with A in the middle, provided 
the two links are the same, as they normally will be. If, 

however, the links form an angle \g the molecule 

will be polar with a moment M = cos^ 0, where 9 is the 
angle, and m the moment of a single A—B link. ®® Thus the 
moments give valuable information as to the stereochem¬ 
istry of these molecules. The experimental results afford a 
striking confirmation of the correctness of the tetrahedral 
model of van’t Hoff.®® Where the link between A and B is 
single, B—^A—^B, the molecule is always found to be polar, 
since the valences are inclined to one another, e.g. H2O, 
1.84 and H2S, i.o. Where the links are double, B=A=B, 
the tetrahedral model obviously requires that they shall 
be in the same straight line, and we find that 0 ===C ===0 
and S==C=S are non-polar; so also is nitrous oxide, 
which must therefore be supposed to have the structure 
N<= 0 =?N. The polarity of sulphur dioxide, 1.7, may be 
taken to show that the second oxygen atom is attached by 
a co-ordinate link, 0 =S—> 0 . 

Tetratomic molecules AB3, with all the A—^B links 
single, will be non-polar if all the four atoms lie in a plane 

Watson, Ras and Ramaswamjr, Frac. Roy. Soc. London, 13a, 569 (1931), 

Zakrzcwsld and Doborzynsla, Bull. acad. plan.. A, 300 (1930). 

®^Mdcrson, Froc. Fhys. Soc. London, 40, 6x (1938); Doborzynski, Z. Bhysik, 66 , 657 

For the tetrahedral angle o£ 109° 18', M = 1.15 5^?. 

^ For further discussion see Chapter VI, on Stcrcochetoistry (p. X15). 
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and all the angles between the valences are equal, as in 
that event they presumably would be. On the tetrahedral 
model A should lie out of the plane of the three Bs, form¬ 
ing a triangular pyramid, and the molecule should there¬ 
fore be polar. In agreement with this conclusion we find 
that ammonia is polar, 1.5, and so also are phosphine, 
0.55, arsine, 0.15, and the trihalides of phosphorus, arsenic 
and antimony.^® 

Pentatomic molecules, AB4, should be non-polar both 
on the tetrahedral model and also on the plane model, 

B 

I 

B—A—B. 

B 

Methane, the tetrachlorides of carbon, silicon and tita¬ 
nium, and tin tetraiodide have all been shown to be non¬ 
polar; and the plane model is impossible because it requires 
that methylene chloride, CH2CI2, should be non-polar 
in the trans form, which must be the more stable, whereas 
it has a moment of 1.5. 

These simple examples, in which there is never more 
than one kind of link in the molecule, illustrate the general 
principles on which polarity depends. Before we come to 
the quantitative aspect of the subject we have to consider 
one particular link, that of hydrogen to carbon, which is 
of peculiar importance because so much of the evidence 
about dipole moments is drawn from organic chemistry. 
All the saturated parafiEns that have been examined, 
whether with straight or with branched chains, have been 
found to be non-polar. This has been established for ix 
different paraffins, including all the normal saturated 
hydrocarbons up to dodecane and all the nine possible 
heptanes.It might be supposed that this indicated that 
the C—H link is non-polar—^we may assume this to be 
true of the other link concerned, C—C. As a fact, however, 

^0 PCI3 0.80 AsClg 1.97 SbClg 4.06 Bergnumi and Engel, Z., 

PBrs 0.61 AsBra 1.66 3^,507(1931). 

Smyth and Stoops, /. Am. Chem. Soc.^ 50, 1883 (1918); Domte and Smyth, ibidem^ 

5^, 3546 (1930)- 
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it is compatible with any value of the C—H moment. The 
absence of polarity in methane is explained by its sym¬ 
metry, independently of the value of the moment of C-—H. 
This implies that the moment of one of the four C—H links 
must cancel the resultant of those of the other three, and 
so must be equal and opposite to it. Hence, if in any mole¬ 
cule we replace a ^C—H group by a ^C—CH3 the mo¬ 
ment will not be changed—provided, of course, that we 
can assume the rest of the molecule to be unaffected. But 
every par affin can be built up from methane by the suc¬ 
cessive replacement of hydrogens by methyl groups; and 
so, whatever may be the moment of the C—H link, the 
paraffins should all be non-polar, as in fact they are found 
to be. It should be observed that this argument applies 
only to the saturated hydrocarbons; the replacement of a 
hydrogen attached to doubly or aromatically linked car¬ 
bon by a methyl group is found to alter the moment. 

If this argument held universally it would follow that 
all the homologues of any given organic compound would 
have the same moment, since the higher may always be 
obtained from the lower by suitable replacements of 
hydrogen by methyl. This is found, experimentally, to be 
nearly but not quite true. Thus the moments of 9 primary 
alcohols from Ci to C12 vary only from 1.6 to 1.7; sec¬ 
ondary and tertiary alcohols give slightly higher values, 
but scarcely any higher than 1.8. Again, of 10 dialkyl 
ketones from Cs to Cio the moments all lie between x. 6 ^ 
and X.79. The influence of the size of the alkyl group is 
thus not much larger than the experimental error, and its 
investigation involves an accurate determination of the 
moments. Such an investigation has recently been carried 
out by Sanger,who used the gas-temperature method, and 
worked at pressures that were shown to be low enough for 
the simple gas laws to be obeyed (see page 131). He found 
that methyl and ethyl chlorides showed only a very small 
difference; GHaCl, 1.86^0.03 and CjHsCl, 1.99^0.03— 
the moments of the monochlorides of the higher alkyls all 
appear to lie between 1.9 and x.i—but with the ethers the 

** Sanger, VortrdgBy 1929, p. i. 
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difference was much larger and the moment definitely 
fell with an increase in the number of carbon atoms: methyl 
ether i.3l±o.ol, ethyl ether i.io±o.ol, propyl ether 
0.85 ±0.03. The occurrence of this fall with the ethers, as 
contrasted with the relative constancy of the moments 
in the alkyl halides, alcohols and ketones, is easily ex¬ 
plained. The two oxygen valences in the ethers are inclined 
to each other, as the existence of the moments shows, 
and presumably in methyl ether at about 109°. As the 
alkyl group increases in size there will be a tendency, 
owing to the “flexibility” (see p. 156) of the carbon chain 
and the effect of the thermal agitation, for this angle to 
increase in size and any such increase must diminish the 
dipole moment. No such effect will occur in the alkyl 
halides, alcohols or ketones. 

Coming now to the quantitative side of the question, 
we may consider first the results obtained with diatomic 
compound molecules, where the conclusions are most certain 
since there is only one link in the molecule. These however, 
are very limited in number being confined to the halogen 
hydrides and carbon monoxide, of which the latter requires 
special discussion and will be dealt with later (page 187). 

With hydrogen chloride, bromide and iodide, since the 
moments are known, and also, from the band spectra, the 
distance between the atomic nuclei, we are in a position to 
discover what the inequality of the “electron sharing” 
really is. It is obvious that if the molecule were electro- 
valent and we could disregard any polarization of the 
electron orbits, its moment would be equal to the electronic 
charge of 4.77X10”^® e.s.u. multiplied by the distance be¬ 
tween the two atomic centers; if the two electrons were 
shared equally the moment would be zero. The imper¬ 
fection of the sharing is, therefore, the ratio of the ob¬ 
served moment to that which the molecule would have if 
it were ionized.^® It may be expressed by calculating from 

^ This way of regarding the observed moment as due wholly to the pair of shared 
electrons, though it is convenient, is not strictly correct. The unshared electrons, especially 
those of the valence group, must play some part; they arc polarizable, and must be affected 
by the field of the dipole, but how much of the effect should be attributed to them we do 
not know. It still remains true, however, that the observed moment tells us what firaction 
of the electrostatic disturbance which the transference of an electron would produce is 
caused by the covalent link. 
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the dipole moment the length of the equivalent dipole, by 
dividing the moment by the electronic charge, and finding 
the ratio of this to the actual distance between the nuclei. 
The figures for the halogen hydrides are as follows: 


- c-» 

fi X 10^® 

Dipole 

Distance 

Dipole length 


length X 10 

X 10® 

Distance 

HCl 

1.03 

o.xi6 

1.2.7 

0.170 

HBr 

0.78 

0.164 

1.41 

0.116 

HI 

0.38 

0.080 

I. 61 

0 

b 

0 


It thus appears that in these compounds the inequality 
of the sharing is from 5 to 17 per cent. That such a result is 
not peculiar to compounds of hydrogen, as might be sus¬ 
pected, can be shown by making similar calculations for 
other links, such as that of carbon to chlorine, which gives 
an inequality of about 2.0 per cent. These calculations are 
less certain since they depend on the moments of poly¬ 
atomic molecules, but they all lead to the same conclusion: 
that the imperfection of sharing of the electrons in a 
normal covalence does not much exceed 2.0 per cent. 

Most of the compounds whose dipole moments have 
been determined are organic substances with more or less 
complicated molecules; and we can only use these results 
to calculate the moments of individual links, if we make 
certain assumptions as to the effect of the rest of the 
molecule upon them. In any case, the calculation can only 
be approximate, but the results are not without value, 
and it is necessary to be quite clear what the preliminary 
assumptions are, and how far they can be shown experi¬ 
mentally to be justified. The first is that the actual moment 
of a link is not seriously affected by the other links that its 
constituent atoms may form; in other words, that the 
molecular moment—which is what we actually measure— 
is additively made up of the moments of the separate links 
which must of course be added as vector and not as scalar 
quantities. This assumption certainly is not strictly true. 
As we have already seen, the replacement of a hydrogen 
atom attached to carbon by a methyl group does not 
affect the moment of the molecule if the carbon is part of a 
saturated chain; but it does so if it is doubly linked or part 
of an aromatic nucleus. In general, it is found that the 
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moment of the link C—^X, or, to speak more accurately, 
the difference between the moments of R—and R—^X, 
is different according as the carbon is saturated or is 
aromatic—or according as R is aliphatic or is aromatic— 
as is to be seen from the list in Table XXXIX (p. 179). 
Apart from such specific differences, however, the moment 
of a link seems not to be affected by the other links present 
in the molecule much beyond the limits of experimental 
error, which it must be remembered are in dipole moments 
rather wide. This is in accord with our general conclusions. 
We have seen that many of the properties of a covalent 
link, such as the distance between the nuclei and the heat 
of rupture, are but little affected by the other atoms or 
groups that are present. We may therefore assume that this 
is true of the moments, as a first approximation. There can 
be little doubt that when we are able to measure the 
moments in the less simple molecules with greater accuracy, 
we shall find that this mutual influence of links exists, and 
that it plays an important part in determining the reactiv¬ 
ity of the molecule. This is, indeed, the principle that? 
underlies the “electron drift” theories of reactivity of thcj'l 
modern organic chemist, theories the truth of which isJi 
already beginning to be tested by the study of dipole' 
moments (see p. 178). But for our present purpose, of 
getting an approximate idea of the relation of the moment 
of a link to the nature of the linked atoms, this complica¬ 
tion may as a rule be neglected. 

A more serious difficulty is met with when we try to 
determine the resultant of the moments of a series of links 
in a molecule. To do this we must know not only their 
magnitudes but the angles between them. As a first ap¬ 
proximation, these angles may be assumed to be those re¬ 
quired by the tetrahedral model—^for example, 109° x8' in a 
saturated molecule; but we already have direct evidence 
firom Debye’s work on the X-ray scattering of gases (page 
89) that considerable departures from these angles occur. 

Further uncertainty has been introduced into these 
calculations by the recent work of Pauling,^^ who has con¬ 
cluded from wave mechanics that, while the normal 

Pauling, /. Chem. Soc., 53, 1367 (1931). 
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valence angle with a 4-covalent atom is 109.5°, where the 
covalence is l or 3 the angle is 90°. This would seriously 
affect the values obtained for single links from the moments 
of molecules whose central atoms have covalences less 
than 4. For example, water has a mornent of 1.85. If the 
valence angle is 109.5° then m(p —is 1.85/1.15 5 = 1.60. 
If the angle is 90° then «2(0—H) is i?85/i.414=1.31. In 
the same way «2(NH3)=i.5. If the angles are tetrahedral 
«2 (N—H)=i. 5; if they are right angles, »?(N—H) = i.o6. 
In view of the uncertainty of the deductions of dHe valence 
angles from wave mechanics,it is here assumed that the 
angles are in all cases tetrahedral. 

Dipole Moments and the Periodic Classification 

We are now in a position to form an estimate of the 
moments of individual links. Following the convention of 
Eucken and Meyer, the positive atom of the pair is always 
written first; and where carbon is concerned it is to be 
understood as a singly linked and not an unsaturated 
or aromatic carbon atom. 

H—C. The value adopted for the moment of the H—C 
link affects those of nearly all the other links of carbon. 
There is good reason to think that it is small. Williams, 
and Eucken and Meyer,have assumed that it is 0.4; it is 
at least probable that its value lies between 0.4 and zero. 
Sutton^® has calculated the values of m(Q —H) and »?(C—Cl) 
from the observed moments of chloroform and methylenfi 
chloride,*® and the observed angles between the C—Cl 
valences fotmd by Bewilogua.®® He makes two assumptions 
as to the angle between the C—H valences in methylene 
chloride: (a) that it is 109.5° as in methane, and (b) that 
it is reduced to 100° by the spreading of the C—Cl valences. 
He finds that m(li —C) is for (fi) 0.15 and for (b) o.lo, the 

#»CO—H) is a convcnicat symbol to express the phrase “the moment of the 
ImkO—H.“ 

Heisenberg, Chemistry at the Centenary Meeting of the British Association (HcfFcr, Cam¬ 
bridge, 1331)* page X47. 

Eucken and Meyer, Physik. Z., 30, 397 (19x9). 

Sutton, Proc. Zoy. Soc. London, 133, 689 note ^1931). 
k! CH2CI2 = 1.59, Sanger, Physik. Z., a7, 556 (19x6)* 

Bewilogua, Physik. 2 ., 3a, 2.65 The angles between the C--C 1 valences 

were found to be: m chloroform 116.4°, methylene chloride 1x3.8°. 
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corresponding values for m(C —Cl) being for (a) 1.50 and 
for (b 3 1.41. The moment of methyl chloride, as calculated 
from these values is (a) 1.65, and (b) 1.61. The observed 
value is 1.86; the small discrepancy gives an idea of the 
magnitude of the effect of the moments of the links on 
one another, which is necessarily neglected in the cal¬ 
culations. In viewt>f these conclusions of Sutton, it seems 
better to take the moment of H—C as o.i. 

H—^N. The moment of ammonia is 1.46.®® If we as¬ 
sume the tetrahedral angle between the N—H valences, 
this means that the moment of H—is also 1.46. 

H—P. The moment of phosphine is 0.55 (Watson);®* 
hence m(il —^P) = 0.55. 

H— As. The moment of arsine has been found to be 
0.15 (Watson).®* So small a value would ordinarily be 
disregarded as being due to experimental error; but the 
work was carried out with great care over a temperature 
range from —47° to +99°, and the effect of pressure was 
examined and allowed for, so that the moment may be 
taken as real. This of course gives H—^As=o.i5. 

H—O. The moment of water, according to the latest 
and most accurate measurements,®* is 1.85. This gives, for 
an angle of 109.5°, ^—O=i.6o. 

H—S. From the moment of hydrogen sulphide, 0.93 ,®^ 
we get, for the angle 109.5°, moment of H—S=o.8i. 

H—^F. The moment of H—^F cannot be measured 
directly, owing to the polymerization of hydrofluoric acid 
in the gaseous state. The dielectric constant of liquid 
hydrofluoric acid is very large, being 174-8 at —73° and 
83.6 at 0°.®® This indicates that the liquid contains highly 
polar molecules, but it is so highly polymerized that this 
gives little indication of the moment of H—^F. We have 
seen, however, that the moment of ammonia is l.6 times 
that of phosphine, and that of water twice that of hydrogen 
sulphide. If we assume similar angles for the two members 

Sanger, Heh, Pi^s, Acta, 3, 161 Ci35o)- 

Watson—Pm. Koy^ Soc. London, 117, 43 (152.7)—found 1.48; Keyes and Kirkwood, 
— Phys. Kep., 36, 1570 ^^530}—give i.^. Gas, temperature. 

Sanger, Physik, Z., 31, 306 (1530). Gas, temperature. 

Zahn and Miles, P^s. Pjtv., 3a, 457 (19x8). 

Frcdcnhagen and Dalimlos, Z. anorg, allgem, Chem., 178, xyx (1915)- 
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of each pair, the ratios m(Il —P) and m(^H. —O) : 
»?(H—S) will also be x.6 and z, respectively. We may sup¬ 
pose that a similar increase occurs when we pass from 
ji—Cl (1.05) to H—^F, and that the moment of the latter 
is somewhere between 1.5 and x.o. 

H—Cl, H—Br, H—I. Hydrochloric, hydrobromic and 
hydriodic acids have been measured directly.®® The values 
are: H—Cl = 1.03, H—^Br = 0.78, H—= 0.38. 

C—^N. The observed values of the moments of am¬ 
monia C^.46), methylamine -2-3)5 and trimethylamine 
(0.60),®^ show H3C —has a smaller moment than 
fj—(1.5). To obtain the value for C—we have to 
allow for that of the CH3 group, which we have seen to 
be the same as that of H—C (o.x). If we assume that the 
angles in trimethylamine are tetrahedral, we have 0.60 for 

H3C—^N, le. for^H—C—^N. This gives 0.4 for C—^N.®^“ 

C^N. The most probable value of the moment of 
methyl cyanide is 3.51.®® Here again we have to allow for 
the H3C, which makes C^N == 3 -3 • The increase over the 
value of C—is surprising, but we have no a priori reason 
to know what the effect of a multiple link will be. 

C—O. The moment of methyl ether Ci.3x) gives, for an 
angle of 109.5°, H—C—O = 1.14 whence «?(C--^) = 0.94. 
If the lower moment of dipropyl ether (0.86) is to be at¬ 
tributed wholly to the increase of the valence angle, the 
size of this angle in propyl ether must be 136°. 

0=0. The dialkyl ketones all give moments very 
near to l. 75 . Assuming, as we fairly may, that the molecule 


M M 

has a tetrahedral structure, C<' io9°x8'andC^ 1x5 °i6'. 


then the component of the H—C moments in the line of 
the C =0 will be 0.X3 so that »?(C= 0 ) = x.5. Here again 
the double link has more than twice the value of the single. 


®®Zahn, Phys. Kev., a7, 455 (1516). Gas, temperature. 

Steiger, Physik. 2 ., 3a, 415 (1331). 

There is however some reason to think that the true moment is higher than this, 
and ina7 be as large as 0.7 or 0.8. See D. LI. Hammick, R. G. A. New and L. E. Sutton, 
J. Chem. Soc. 193a, 745, 

Eide and Hasscl, Tids, Kmi Bergvesen, 10, 33 (1330). Benzene, refraction. 
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C^O. This link occurs in carbon monoxide, in the 

form that may be written C^O or C^O. We can thus ar¬ 
rive at a rather speculative value of the moment of the 
triple link of carbon to oxygen. The distance between the 
nuclei has been found to be 1.14A (see p. 88). The trans¬ 
ference of an electron through this distance will give rise 
to a moment of 1.14 X 4.77 = 5 •44- The moment of carbon 
monoxide is o.ix.®® Hence that of the triple link of carbon 
to oxygen is 5.44 ± o.ix = 5.56 or 5.3x. We may pro¬ 
visionally take the lower value. 

C—S. The moment of diethyl sulphide is 1.57.®® 
Assuming a tetrahedral angle, this gives the moment of 

C2H5—S, or H—C—S, as 1.36, whence »z(C—S) = 1.16. If 
the thioethers behave like the ethers we should expect the 
angle of the sulphur valences in the ethyl compound to be 
rather larger than 109.5°, regarded as a 

minimum value. It will be noticed that it is definitely larger 
than m(Q —O). 

0 =S. We have three independent means of cqmparing 
the moments of C=S and 0 = 0 , which give concordant 
results. The moment of phenyl isocyanate is x.34 (Eide and 
Hassel), and that of phenyl isothiocyanate is in¬ 

dicating that «?(C=6) — »?(C= 0 ) = 0.41. This is sup¬ 
ported by the observation of Wolf®* that the moment of 
dianisylketone,CHs-O-c^ VQ-CHa is 3.90, and 

O 

that of the corresponding thioketone is 4.44, difference 0.54. 
Finally Zahn and Miles®* have found the moment of car¬ 
bon oxysulphide, a rectilinear molecule in which these two 
moments are balanced against each other, to be 0.65. The 
mean of these three differences— 0.42., 0.54, and 0.65—is 
0.54, so that we may take «?(C=S) to be 3.0. 

C—Se, C—Te. Here the only values we have are those 
of diphenyl sulphide, selenide and telluride.®* Values based 

®^Voii Braunmulil, Fhystk. Z., aS, 141 (192.7); Forro, Z, Physik, 47, 430 (19x8). 
Gas, temperature. 

Hunter and Partington, /. Chem. Soc.^ 1931, xo 6 x. 

Bergmann, Engel and Sandor, Z. -physik, Cbcm,y Bio, 397 (1930). 

*2 WoB, Physik. Z., 31, X2.7 (1930). 
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on aromatic derivatives are somewhat uncertain, owing to 
the differences of moment between aryl and alkyl com¬ 
pounds (p. 179). If, however, we may assume that these 
similar aromatic derivatives differ among themselves in 
tlEie same way as the alkyl compounds, we can calculate 
m(C—Sc) and m(C—Te). The moments of these substances, 
and those of the CeHe—X groups calculated for an angle 
of 109.5° 

“ ^-47 CeHs S = ^-^7 

(C6H5)2Se = 1.38 CeHs— Se =1.19 

(C6H6)2Te= 1.13 CeHe—Te= 0.98 


From this it follows that m(C —Se) = m(C —S) — 0.08, 
and that «?(C—-Te) = mCC—S) — o.xs- Taking the value 
given above of 1.16 for m(C —S), we get m(C —Se) = 1.08, 
and —^Te) = 0.87. 

C—F. Here again we have to rely upon aromatic 
compounds, since no alkyl fluorides have been examined. 
There are three groups of data, which give very concordant 
results: 


Radical 


Phenyl 

cr-Naphthyl 

/S-Naphthyl 


Chloride 

Fluoride 

DiflFcrcnce 

1-59 

I.4X®* 

0.17 

1.59®^ 

1.41*^ 

0.18 


1.56*^ 

0.16 


We may, therefore, take it that the moment of C—^F is 
about o.L less than that of C—Cl, and since the latter is i .7, 
tfiQZ —^F) = 1.5. 

C—Cl, C—Br, C—I. The moments of these links 
can be got from the moments of the alkyl halides by 
subtracting that of H—C, which is o.x. This gives: 


CH3CI = 1.9 C—Cl = 1.7 

CHsBr = 1.8 C—Br = 1.6 

CHsI = 1.6 C—I = 1.4 

The number of links not containing either hydrogen 
or carbon for which we have data is very small. A series 

Walden and Weener, Z. fhysik, dm,, Ba, lo (19x9); Bcrgmann, Engel and Sandor, 
ibidem^ Bxo, 106 (1930)* 

Parts, Z. fhysik. Chem., Bio, 164 (1930), 
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of inorganic trihalides have been measured, and if they 
have a tetrahedral structure the moment of one link is of 
course equal to that of the whole molecule. 

These results are: 


PCI3 

AsCL 

SbCL 


= 0.80, 


65 

66 


= 3 - 9 - 


PBrs = 0.61 
AsBrs = 1.66,®® 


Sbis was foimd hy Williams®^ to have a moment of 0.4, but 
this seems so improbable a value that we may suspend 
judgment until it has been confirmed. 

N==0. Tertiary nitrosobutane has been found®® to have 
a moment of l. 50. This is, therefore, the moment of 

H—C—^N= 0 . Taking —C) = o.z and m(C —== o-4 

we get »2(N==0) = 1.9. 

The values for these various links are collected below in 
Table XXXVI, page 153. 


Evidence for the Direction of the Moments 
Williams’ determination of direction from the mixed 
para-di-dcttvsLtives of benzene, on the practically certain 

assumption that the moment of the nitro group C— 


O 


is directed away from the ring, establishes the directions of 

C^, C^, H^ , and C—CHO (from 

the aldehydes); that of C—CsN is proved by the low 
moment, 0.69, of ^-nitrophenyl cyanide. The moments of 
the ^-substituted phenols are ambiguous, and it is difficult 
to deduce from them the direction in C—O—But we can 
obtain the direction in H—O in another way. We know 

the direction C—O from that of C= 0 , and we can calcu¬ 
late the moment of H3C—C—O from that of methyl ether. 


Ebert, Eisenschitz and Von Hartcl, Z, physik. Chem., Bi, 94 (19x8). 
Werner, Z, anorg. allgem. Chtm.^ 181, 154 (19x9). 

Williams, Physik. Z., 2.% 683 (19x8}. 

Hammick, New and Sutton, /. Own. Sac., 193a, 74X. 
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as we have seen, which gives We also know the 

value, though not the direction, of the H—O (1.61} from 
the moment of water. If we calculate assuming the tetrahe¬ 
dral angle, the moment of methyl ether from these values 
we find that if the H—O moment is directed towards the 
oxygen the total moment should be 1.65, which approxi¬ 
mates to the observed moment. We can, therefore, conclude 
that in H—O the hydrogen is at the positive end. 

We thus arrive at the following general conclusions 
with respect to the influence on the magnitude and direc¬ 
tion of the moment, of the position in the periodic table 
of the atoms forming the link. 

(i) In all ascertainable instances hydrogen in the 
link H—is positive to X; and in the link C—X, except 
in C—H, carbon is positive to X; we do not however 
know the value of any link of carbon to an atom, other 
than hydrogen, in any of the first three periodic groups. 
This means that, wherever we can determine the direction, 
the atom belonging to the earlier periodic group—count¬ 
ing hydrogen as belonging to Group I—^forms the positive 
member of the pair. 

The application of wave mechanics to the problem has 
already led to this conclusion. Niessen, who had pre- 
vously®® come to the opposite conclusion on the basis of 
the Bohr atomic model, has revised his view in the light of 
wave mechanics, and decided that the atom of lower 
/atomic number will always form the positive member of 
1 the dipole.^® It does not, however, appear to be possible, 
as yet, to calculate the moments in any detail by the 
methods of wave mechanics. 

(x) Wherever the magnitudes are known it is found 
that the moments both of H—^X and of C—^X increase as 
X changes within any period from an earlier to a later 
group, C—^N<C— 0 <C—etc.; and also, with two ex¬ 
ceptions, as X changes within a periodic group from a 
heavier atom to a lighter, H—^As<H—P<H—^N, P—^Br< 
P—Cl, As—^Br<As-^l. The two exceptions are C—O, 
which has a smaller moment than C—S; and C—^F, which 

Niessen, Physik. Z.^ a7, 3cx) (15x6). 

Niessen, ibidem^ %% 51 
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has a smaller moment than C—CL It will be noticed that 
the moment of H—C (o.z) is exceptionally low in compari¬ 
son with H—(1.5) and H—O (1.6), which may perhaps 
be connected with the fact that carbon differs from nitrogen 
and oxygen in having no unshared electrons in these 
conmounds.'^^ 

(3) In all these cases we are dealing with a change of 
the negative atom, while the positive atom remains the 
same. When the negative atom is unchanged but the posi¬ 
tive is replaced by a lighter atom from the same periodic 
group, then so far as our scanty data indicate we get the 
opposite effect and the moment diminishes; 

Sb—Cl>As—C 1 >P—Cl, As—Br>P—Br. 

(4) With multiple links the moment increases more 
rapidly than the number of links, as the following tabula¬ 
tion shows: 


/I Ratio 

C—0.4 I 
C==N — — 

C^N 3.3 8.x 


IX Ratio 
C—O o. ^ I 
C ==0 X.5 X.8 

feO 5-3 5.9 


fx Ratio 
C—S l.x I 
0 =S 3.0 X.5 


Table XXXVI 

Dipole NLoments of Individual Links 


H—N 

1*5 

H—0 

1.6 

H—F 

a) 

H—P 

0*55 

H—S 

0.8 

H—Cl 

1.03 

H—As 

0.15 



H—Br 

0.78 





H—I 

0.38 

C—N 

0.4 

c—0 

0.9 

C—F 

1-5 



c=o 

2-5 



C^N 

3-3 


5-3 





c—s 

I.X 

C—Cl 

1.7 



c=s 

3.0 





C—Se 

1.1 

C—Br 

1.6 



C—Tc 

0.9 

C—I 

1.4 


P—Cl 0.8 P—^Br 0.6 

As—Cl x.o As—^Br 1.7 

Sb—Cl 3.9 

N =0 1.9 

^ For a parallel instance see page lao. 
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A knowledge of the moments of individual links en¬ 
ables us to calculate the distribution in the molecule of 
the residual charges due to the unequal sharing of the 
linked electrons. To take the simplest example, that of a 
diatomic molecule, in hydrogen chloride the moment is 
1.03 and the distance between the nuclei i.xyA. The 
moment is the product of one of the residual electrical 
charges into the distance between them. If we regard these 
charges as located on the nuclei, which it is quite permis¬ 
sible to do, each charge must be equal to i.03/1.2.7 = 
0.81 X 10“electrostatic unit. It is more convenient to 
express this charge, not in absolute units, but as a fraction, 
F, of the charge 4.77 X of an electron; thus for H—Cl 

F = ±0.81/4.77 = ±0.170. Similar calculations may be 
made for any link of which we know the length and the 
moment. The values of this fraction F, for a series of 
the more important links, are given in Table XXXVII 
where, as before, the positive atom of the link is always 
written first. 

With the help of these values we can find the distribu¬ 
tion of the residual charges in any molecule formed of 
these links. The results are, of course, only a first approxi¬ 
mation to the truth. Even if our values of the dimensions 
; and the moments are accurate, we arc taking no account 
jof the inductive effect of the moments on one another; 
j and in dealing with aromatic compounds the results will 
be still further modified by the “ electromeric” effect dis- 
! cussed below on page ijS. But as a rough measure of 
I the electrical state of the molecule these calculations are 
1 not without interest. 

Where an atom forms several links the charges acquired 
from each must, of course, be added together. For example, 
in methyl alcohol each methyl hydrogen has F = +0.04, 
and hence from the three C—H links the carbon has a charge 
of —o.ii. From the C—O the carbon gains +0.13, so 
that its total charge is -fo.oi. The oxygen has —0.13 from 
the C—O and —0.31 from the O—H, or —0.44 in all. The 
hydroxyl hydrogen has -I-0.31. When the molecule has an 



Relation to Periodic Table 155 

ionic charge or contains a co-ordinate link, the value 
F = 1.0 must be added to or subtracted from the ap¬ 
propriate atom. A co-ordinate link gives the donor -l-i.o 
and the acceptor — i.o. With an ion, if there is any doubt 
where the ionic charge should be put, this is easily found by 
counting the number of electrons to each atom, a shared 


Table XXXVH 


Residual Charges 


Link 

Moment 
= AEXi 

Distance 

d 

AE 

AEA = E 

H—C 

o.x 

1.14 

00 

H 

6 

0.04 

H—N 

1-5 

1.08 

1.4 

0.2.^ 

H—0 

1.6 

1.07 

1-5 

0,31 

H—S 

0.8 

1.43 

0 .6 

0,13 

C—N 

0.4 

1.48 

0-3 

0.06 


3-3 

1.15 

X .9 

0.61 

c—0 

0-9 

1.47 

0.6 

0.13 

c==o 

2-5 

I.X7 

x.o 

0.4JL 

c—s 

I.L 

1.83 

0.7 

H 

6 

c==s 

3.0 

1-59 

1-9 

0.40 

C—Cl 

1-7 

1-74 

1.0 

O.XI 

C—Br 

1.6 

1.90 

0.8 

0.17 

C—I 

1.4 

J..12. 

0.7 

0.15 

(N—0 

0.5 ? 

H 

H 

0.4 

0.08 ? 

N=0 

1-9 

I.il 

1.6 

0 - 34 ) 


electron being counted as half. For example, in the NH4 ion 
each hydrogen has two shared electrons to balance its 
nuclear charge of -}-i, and so as a first approximation, on 
the assumption of an equal sharing of the electrons is 
neutral. The nitrogen, which needs 5 electrons in the outer 
group for neutrality, has 8 shared electrons, which are 
equivalent to 4 unshared; this gives it a charge of -fi, 
which is the ionic charge. The residual charge, due to the 
unequal sharing of the electrons of the link, must then 
be added. 
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A few examples of the application of these principles 
are given below: 


+ .04 

H 


+ .04 

H 


+.04 H* 


+.01 


+.04 


-.44 +.31 


+.04 




+.34 —.42 +.04 

=0 H— 


+.09 


-Cl 

.2: 


H 

+ .04 


+ .04 +.51 

H- Q/ 

\0 -H 

-.44 +.31 


+.29 

H 


+.29H- 


H 

+.29 


+.04 

H 


H- 


+ .04 


H 

+ .04 


— 

+ 1 . 36 ^ 0 - 1,08 


— .06 


H 

4 *. 04 


+.29 

H 


—0.16 

H--H 

+ .29 I +.29 


H 

+ .29 


-b 


Flexible TAoUcules 

The investigation of this problem has led to results of 
considerable interest in their bearing on the configuration 
of molecules in general. Flexible molecules, as we have 
seen, are those the moments of which may vary owing to 
the rotation of atomic groups about the line of a single link. 

The possibility of such “free rotation” for singly 
linked atoms was one of van ’t Hoff’s fundamental prin¬ 
ciples of stereochemistry. We must, however, be clear as to 
what the principle exactly means. It was founded upon the 
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non-existence of isomers whose structures could pass into 
one another by means of such rotation; it did not assume 
that the rotation went on continuously in the molecule, 
or that all the positions to which it could lead were 
equally favorable. 

As a simple example we may take ethylene dichloride: 


H H Cl 

Cl H H 

\l/ 

\1/ 

c 

1 

C 

(t 


/1\ 


H H Cl 

H H Cl 

I 

u 


If we assume the lower CH2CI group to be at rest, it is 
possible for the upper group to take up any position be¬ 
tween I, where the Cl atoms are directly over each other 
(almost as in «j-dichloroethylene), and II where they are 
as far removed as possible (as in the trans comtmund). 
The principle of free rotation requires that out or all the 
possible positions there should not be two of sufficient 
stability for molecules to remain permanently in each, 
without passing over to the other. If they co^ild do so 
compounds of the type of ethylene dichloride would 
exist in two isomeric forms, which they are not found to 
do. But whether such a molecule passes continuously from 
one position to another or remains more or less permanently 
in one of them, cannot be decided by chemical evidence 
alone. 

The problem is obviously one on which the study of 
dipole moments may be expected to throw light. Of the 
two positions given above, I, the“ position will have a 
considerable moment, while II will be non-polar. Attention 
was directed to the subject through the moments found 
for certain para disubstitution products of benzene. As 
we have seen, such a compound, if the two substituents 
are the same, should have zero moment, and many of 
them, e.g. p-CsH^ti, p-Cilii(CHs')2, are non¬ 

polar. But it was found that certain compounds of this 
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type have definite and sometimes quite large moments: 
for example, ^-C6H4CO CH3)2 = i- 74 > ^-C6H4(CH2C1)2 = 
L.L3, and ^-C6H4(CHO)2 = The explanation is 

apparent when we notice that in the first series the re¬ 
sultant moment of the substituent, C-^Cl, C— CH3, lies in 
the central line of the molecule; while in the second series 

/P 

C—CX , C—, it does not. It is therefore possible 

for molecules of the second kind to assume different con¬ 
figurations by the rotation of these unsymmetrical groups 
about the single link to the ring, without any deformation 
of the valence angles. For example, quinol dimethyl ether 
may assume any form between: 




■^oO-o^ 


of which I is polar and II is non-polar. 

Eucken and Meyer calculated the moments of the 
most polar and the least polar forms of several of these 
flexible molecules, and showed that the observed values 
fell between these limits. For example, they found for: 


orpho-ctcsol, max. 
methyl acetate. 


mm. = 1.2. 


obsd. = 1.45 
1-7 


In a later paper Meyer^® has pursued the subject 
further. It is evident that the most favored position will be 
that in which the potential energy, and hence the dipole 
moment, is at a minimum.The extent to which the mole¬ 
cules are deflected from this position will depend on the 
relative magnitudes of two opposing influences. The first 
of these is the work required to cause the deflection, which 
is the intramolecular potential of the moments; and the 
second is the energy of the thermal agitation, which is of 
course proportional to the temperature. If the potential is 
much larger than this thermal energy, the molecule will 

Euckcn and Mc7cr, Fhysik. Z., 30, ^97 (192.9). 

L. Mc7cr, Z. fHysik. Chem., B8, ij Ci93cv- 

This is true for relative^ simple molecules; but another factor, that may arise in 
certain types of molecules is a steric interference of large groups with one another. This 
may for the present be disregarded; but examples of its occurrence will be given on page 163. 
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remain practically undisturbed in its position of minimum 
(in a symmetrical molecule such as ethylene dichloride, of 
zero) moment. If, however, the thermal energy is much 
greater than the potential, then the latter will have 
only a negligible effect, and the molecule will assume all 
possible positions with equal frequency. 

With a molecule like ethylene dichloride, CH2CI— 
CH2CI, which has two similar groups with a single link 
between them, if the moment of each group (here practi¬ 
cally that of the link C—Cl) is fii, we shall have: 

Minimum moment, o 

Maximum moment, 

Mean moment for 

completely free rotation, v^Mi = i .41/^1 

If the thermal energy is either much greater or much 
smaller than the potential, its change with temperature 
over the range usually investigated will have no effect on 
the moment. Thus we have three possible cases, A being 
potential and B thermal energy: 

(I) A))B; 11 = o; temperature coefficient = o. 

(II) A cz. = B-,o< ii< vTmi; temperature coefficient finite. 

(III) A{{B; n = VTmij' temperature coefficient = o. 

Now the potential of two moments, /xi, 1x2, at a distance 
d apart, can be shown to be approximately 11x^2/d^. The 
thermal energy is ^T where k is the gas constant R divided 
by the Avogadro number N, and for a molecule at the 
ordinary temperature it amounts to 4X10“^^ erg. Calcu¬ 
lation shows that if the potential is less than AT/10 it will 
not interfere perceptibly with the freedom of rotation, and 
the moment will have the statistical mean value vT/ti- 
Since the moments are of the order of iX 10“^* electrostatic 
unit, it follows that if the thermal energy is to equal the 
potential: 

4 X 10 “^* =li^Jd^ 

= (lo-'OV^® 

or 

d ^ = 0.2.5X10"“ 
d = 3Xio~®cm. 
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This is of the order of twice the distance between two 
linked atoms in an organic molecule/® Thus it is evident 
that when the dipoles are near together we map expect 
the moment to be reduced below the mean statistical value 
through the interference of the intramolecular potential; 
but when they are far apart it should reach that value/® 

The details of Meyer’s calculation of the potential in 
individual molecules are complicated, and in one respect, 
the position that he assigns to the center of the dipole, are 
not entirely satisfactory;^’^ but this is of little importance, 
as the whole calculation is only approximate. We may con¬ 
sider three examples which he develops in detail. In the 
■para di-derivatives of benzene with flexible groups, such as 
quinol dimethyl ether, the distance between the dipoles, 
which are separated by the whole diameter of the benzene 
ring, is some 6A. Hence, as the above calculation shows, 
the potential will be too small to interfere with the rota¬ 
tion, and the moment will have its full (mean) value.’® An 
example of the other extreme is the carboxyl group, where 
the proximity of the highly polar C =0 group to the 
hydroxyl (the flexible group) gives the high potential of 
about lo^T, which means that the rotation would become 
completely free only at about xo,ooo°. The hydrogen will 
thus be held permanently in the position of m inimntn 
moment. 

Between these extremes will come the molecules in 
which the potential is of the same order as the thermal 
energy; these should show a variation of moment with 

76 Foj. ^ ~ Q ^ =- i.sA; for ju = 4, ^ = 7A. 

For a further discussion of this question sec: Smyth, Dornte and Wilson, /, Am. Chem. 
Soc., 53, 424^ (1930* 

Meyer assumes—^scc reference 73, its page 30—that all the free as well as the two 
shared electrons of the valence group of each atom, contribute equally to the moment. 
Thus in HCl (H contributing one electron and Cl seven) the center of the dipole is taken 
to be 1/8 of the H—Cl distance from the chlorine, and the same with C—il; in C =0 
(C giving two and O six) it is 1/4 from the oxygen. This seems to involve an unproved and 
rather doubtful theory of the mechanism of the moment. 

Weissberger and Sangcwald— Fhysik. JZ-, 30, 792. (1930)—^find that whereas the 
moments of the dialkyl ethers fall with increase of the alkyl groups, those of the quinol 
ethers are practically constant: 

dimethyl 1.81 di-«-propyl 1.79 

diethyl 1.76 di-«-octyl 1.73 

They consider that the benzene ring, on account of its shape, has no stcric interaction 
with the alkyl groups. 
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temperatare. A substance that appears to come in this 
intermediate class is ethylene dichloride, for which the 
potential is between two and three times for ordinary 
temperatures. The temperature coefficient of its moment 
has been the subject of a number of papersthe facts have 
been disputed, but it is now clear that they support the 
theory. The configuration of this molecule has been exam¬ 
ined by Debye by the method of X-ray scattering. He finds 
that the trans position, with a distance of 4.4A between the 
chlorine atoms, is the most favored; but the curves in¬ 
dicate that the molecules are partly displaced by the 
thermal agitation from this position, and to an extent 
which accounts satisfactorily for the observed moment of 
about 1.3.“^ 

With the corresponding dibromides. Smith and Kamer- 
ling®^ have obtained clear evidence of the effect of tempera¬ 
ture on the freedom of the rotation. They measured the 
ethylene and the tri-, penta-, and decamethylene com¬ 
pounds—^Br(^CH2)ttBr, where n — 2., 3, 5,10—at a series of 
temperatures; owing to the real change of moment with 
temperature it was necessary to correct for Pb by means of the 
refraction. The results obtained in heptane solution were: 



-30“ 

— 10'' 

+10° 

+30° 

+50° 

+70“ 


2. 

0.79 

0.94 

0.38 

1.04 

1.05 

q 

H 


3 

X.07 

X.II 

2-15 

X.I8 


— 



-40*^ 


0° 

+2.0® 

-1-40° 

4-60° 

+80° 

5 

2-.x8 

2-34 

2-39 

2-43 

2-47 

X.48 

— 

10 

— 

— 

X. 69 

2-73 

2-75 

X.76 

X.75 


These show clearly how the lengthening of the chain, and 
the increase of the distance between the polar links, gives 
the groups a greater freedom; the moment increases and the 
temperature coefficient falls. 

^ Meyer, Z. p^stk. Cbem.y B8, xy Sanger, Fbystk. Z., 3a, xi (1931); Meyer, 

ibidem^ 3a, x6o (1931); Smyth and cowarlrers, J, Am, Qkm. Sac ,, 53, 5x7, X005, X5S8, 

414LC19JO- , ^ 

Debye, l^bystk, Z., 31, 14L, 419 Cx$^o). 

so® Some evidence has recently bci p-odneed to show that the molecules are partly 
in the cis configuration, owing pcsumably to the van dcr Waals attraction between the 
chlorine atoms. See K. W. F. Kohlrausch, Z. pi^sik. CBm,, B18, 16 C1932.); A. Dadieu, 
A. PoQgratz and K, W. F. Kohlrausch, Manafsh, 60, xxi C193X). 

Smith and Kamcrling, /. Am, Chem, Sac,, 53, X988 ([1931). 
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An interesting question from this point of view is the 
behavior of the optically active and meso forms of com¬ 
pounds of the tartaric acid type, Cabc—Cabc. For com¬ 
pletely free rotation the two forms should have the same 
moment, so that any difference in the moment would indi¬ 
cate some restraint; the structures are too complicated for 
any more quantitative statement to be possible. Three such 
Dairs have been examined: hydrobenzoin and isohydro- 
Denzoin,®^ diethyl dextro- and «2i?j'tf-tartrate,®^ and the two 
:urms of stilbene dichloride.The values are given in 
Table XXXVIII. 


Table XXXVIII 



Hydrobenzoin, CeH^CHOH— CHOH.QH5 


M 

1.08 

r Isohydrobenzoin, QHs -CHOH— CHOH-CeHs 


Z.67 

Diethyl J^jr^r^-tartrate, 


3.09 


138° 

3.16 

Diethyl mesp-tarmtc, 

(1X° 

3.66 


{38“ 

3.69 

o-Stilbene dichlbride, CeHgCHCl—CHClCeHB 


l.VJ 

^ /3--Stilbcne dichloride, 


2-75 


With hydrobenzoin it was at first supposed that the 
moments were nearly the same, indicating almost com¬ 
pletely free rotation; but later work has shown that they 
differ by about 15 per cent. In the tartaric esters there is a 
difference of about 18 per cent, and the active form, which 
appears to be the more restrained, shows the rise of moment 
with temperature which is to be expected, although the 
range of temperature is too small for this to be certain. 
These two pairs are not very suitable for this investigation 
owing to the additional complication introduced by the 
two hydroxyl groups, which may be associated in the 
chemical sense; indeed, as Lowry*® has pointed out, the 
tartaric ester molecule may form a double chelate ring by 
the co-ordination of each 0=0 group with the hydrogen of 

Wcissbcrgcr and Sangcwald, Z. fhysik. Chm., Bia, 399 (1931); Hasscl and Nacs- 
hagen, ihidm, B14, X3z (1931). 

K. L. Wolf, Trafts. JF^raday Soc., a6, 315 (1930). 

^ Wcissbcrgcr and SJingcwald, Z. -physik. Chm., B9, 133 (1930). 

Lowry, Trans. Faraday Soc.y 26, 351 (1930). 



Dipole Moments and Co-ordination 163 

the /S-hydroxyl. The two stilbene compounds, which are 
formed from the hydrobenzoins by treatment with phos¬ 
phorus pentachloride, have no hydroxyl groups and so are 
not subject to this complication, and might be expected to 
have a greater freedom of rotation. Instead of this, how¬ 
ever, their moments show a difference of quite another 
order This suggests that with these compounds 

the main factor in determining the "potential may be the 
steric effect of the two phenyl groups, which may cause the 
position of minimum energy in either the racemic or the 
mesa form to be one of considerable moment. 


Difole lAoment and Co-ordination 
It is generally agreed that the co-ordinate link, to 
which Werner first drew attention, is a covalent link 
formed in an unusual way; it consists of two shared elec¬ 
trons, but both are derived from the same atom: 


A- -b .B = A:B 
A—B 


A: -f- B = A:B 
A-^B 


Normal 


Covaltnce 


Qhordinate 


The formation of the co-ordinate link thus requires the 
simultaneous presence of two atoms, one with a pair of 
unshared valence electrons to lend (the donor) and another 
(the acceptor) with a valence group that can increase by 
two. The simplest example is the association of the 
hydroxyl group: t. 


/ 

R—O—H^-O—H 


The oxygen, the donor, has 8 valence electrons of which 4 
are already shared, and the acceptor, hydrogen, has two 
shared valence electrons, but it can carry four. 

In practice it is found that this requirement is always 
fulfilled; co-ordination never occurs except between atoms 
that satisfy these conditions. 

But the conditions, though necessary, are not sufficient. 
We often find that two such atoms may present without 
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co-ordination taking place; there is evidently some further 
condition that must be fulfilled before the link can be 
formed. 

The facts are most fully worked out in relation to the 
acceptor properties of hydrogen. The ordinary i-covalent 
hydrogen atom can increase its valence group to 4, and so 
should be capable of co-ordination; but we find that while 
hydrogen attached to oxygen readily forms the link, 
hydrogen attached to carbon in a saturated compound 
never does so at all. We can, in fact, discover a regular re¬ 
lation between the acceptor properties of hydrogen, and 
the position in the periodic table of the atom to which it 
is attached. We may consider these elements in order. 

In H—H there is no evidence of co-ordination at all. 

In H—C the acceptor properties of the hydrogen atom 
are almost if not quite negligible, at any rate when the 
carbon is saturated. The structure of the addition com¬ 
pounds of ethylene and the aromatic hydrocarbons is very 
obscure, and there is always a possibility that the double 
links may play a part in their formation; but if we confine 
ourselves to saturated compounds—paraffins and alkyl' 
groups—there is no evidence of co-ordination.*® 

With H—we have more evidence, but even here the 
tendency is weak. This is shown by the very small associa¬ 
tion of ammonia as compared with water. The strong 
donor power of the nitrogen in ammonia is proved by the 
existence of the innumerable metallic ammines, and the 
ammonia molecules are obviously prevented from associat¬ 
ing only by the weak acceptor power of their hydrogen 
atoms; A clear case of the co-ordination of hydrogen at¬ 
tached to nitrogen is afforded by thd hydroxides of the pri¬ 
mary, secondary and tertiary ammines. It has been shown®’' 
that an aqueous solution of these ammines contains a con¬ 
siderable amount of the hydrate, R3NHOH, along with a 
good deal of anhydrous base, RgN, and a small concentra¬ 
tion of ions. Thus the molecule R3NHOH is a weak elec- 

The solid hydrate of methane, CH4,6H20—dc Forcrand, Compf. rend., 135, 959 
is obviously not a valence compound, but, like the hydrates of argon, krypton 
and xenon, a orystallinc aggregate in which the molecules arc held together by van dcr 
Waals forces. 

Moore,/. Chm. Soc., 91,1373 (1907); Moore and Winmill, ibidem, loi, 1635 (1912.)- 
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trolyte, and is present mainly in the covalent form, which 
can only have the structure R3N—H«—O—But here 
the conditions are exceptionally favorable for co-ordina¬ 
tion; the negative charge of the donor and the positive 
charge of the acceptor will both promote the reaction, the 
linking electrons being repelled from the donor and at¬ 
tracted towards the acceptor. 

In H—O the hydrogen accepts very readily. Hydroxyl 
is the typical associating group, with a strong donor and 
a strong acceptor, and it is present in the great majority of 
associated substances. 

In H—the tendency to co-ordination is even stronger. 
This is somewhat concealed by two facts: the univalency of 
fluorine limits the number of examples: there are many 
compounds R—O—H, but only one H—^F; and the small 
size and single charge of the fluorine ion make ionization 
very easy. But the readiness with which hydrofluoric acid 
polymerizes even in the vapor, and forms the co-ordinated 
ion [F-^H—^F]~ in solution, shows that the hydrogen has 
a strong tendency to act as acceptor. The same thing is 
proved by the existence of complex acid fluorides contain¬ 
ing the group M—^F-^H—^F. 

Thus the tendency of the hydrogen to act as acceptor 
increases in the order: 

H—C < H—N < H—O < H—F. 

In combination with elements of the second short 
period (Na-Cl) hydrogen shows scarcely any co-ordinat¬ 
ing power at all. With H—Si and H—P our information, 
owing to various complicating factors, is scanty, but no 
sign of the co-ordination of hydrogen in these positions 
has been observed. 

With H—S the position is clear. Neither hydrogen 
sulphide nor the mercaptans are in any degree associated; 
and that this is not due to any weakness of the donor 
power of the sulphur is shown by the numerous co-ordina¬ 
tion compounds (with sulphur as donor) formed by hydro¬ 
gen sulphide, the merciptans and the thioethers. It is 

Hiis stractnre was proposed by Latiiner and Rodebush, /. Am, Chm. Soc,^ 4a, 141^ 

(1510). 
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evident that when we pass from H—O to H—S the ac¬ 
ceptor power of the hydrogen practically vanishes. 

The same thing happens when we pass from H—F to 
H—Cl. Hydrochloric acid shows no signs of association: 
there is some evidence for the existence of complex salts 
with the group M—Cl-^H—Cl, but they are doubtful, 
and in any case rare; and while the donor power of chlorine 
is less than that of iodine, there is no reason to think that 
it is less than that of fluorine. 

Thus the chemical evidence shows that the acceptor 
properties of a hydrogen atom change regularly with the 
position in the periodic table of the atom to which it is 
attached: they increase as this changes from left to right 
(C to F), and fall off as we go from the first to the second 
period. 

This is precisely the way in which the dipole moment 
of the link changes, and so it seems that the acceptor 
power of a hydrogen atom in any link increases with the 
moment of the link.*® This is what we should expect. 
In all these links the hydrogen is positive, and the energy 
that it evolves in taking a share in a new pair of electrons, 
must be greater, the larger its positive charge. The calcu¬ 
lations given above (see Table XXXVII, p. 155) show that 
the positive charge of the hydrogen in these links, if we 
may accept the extrapolated estimate of 1.0 for the moment 
ofHF, is: 

H—C 0.04 H—0.19 H—O 0.31 H—^F 0.46 

H—S 0.13 H—Cl 0.17 

At the same time these figures show that the relation 
between the charge and the co-ordinating power is not 
exact, and that the latter must be influenced by other 
factors as well. 

The formation of the undissociated R3N —H<—O—H 
illustrates a further effect of the ionization. Before co¬ 
ordination the ammonium hydrogen has the same charge 
of -t-o.X9 as it has in ammonia; the oxygen has a negative 
charge of 1.31; and in addition the opposite ionic charges 

Sidgwick, Z. Elehrochm., 34, 445 (^1918). 
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on the two molecules will promote their combiuatioff by 
greatly increasing the probability of their meeting one 
another. 

It has been urged as an objection to this theory of 
co-ordination, that the assumed transference of an electron 
from one atom to another involves a disturbance of the 
electrostatic equilibrium of which there is no evidence. 
But the measurement of the moments of molecules con¬ 
taining co-ordinate links has strongly confirmed the 
theory, by showing that this disturbance does in fact 
occur. In the “divalent carbon” compounds,®® such as 
carbon monoxide and the isocyanides, there is evidence 
of a co-ordinate link in which the carbon is the acceptor; 
0 ^ 3 , R—^N^C. In carbon monoxide, as we have already 
seen (p. 149) this assumption leads to a probable value of 
the inequality of sharing of the 6 electrons common to the 
two atoms. In the isocyanides we can calculate from the 
moments what the distance should be through which the 
electron is transferred. The moment of phenyl isocyanide 

CsH -N=C (3.5) is 0.4 less than that of phenyl cyanide 

CeHs—C^N (3.9). Since we have found that the moment 

_j- ^ -|-> 

of C—C^N is 3.3, we may assume that of C—N^C to be 
■L.Q. This latter is made up of three moments: (i) that of 

-f- .y -b 

C—(0.4); (l) that of N=C (3.3); (3) that of the trans¬ 
ferred electron of the co-ordinate link C+“^) which is 
where d is the distance between the carbon and 
the nitrogen atoms; this third moment exceeds the sum of 
the other two by the moment of the whole group, x.9. 
Hence we have: 

4 - 7 ^ 

C— 

4 —> <—h 

0.4 3.3 

4.77^“t“ 0.4 — 3*3 “^*9 
4.77^ = 5.8 
d = i.iiA 


Sec Wow, page 187. 
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Thus the moments indicate a distance of i.lA between the 
triply linked carbon and nitrogen atoms in the isocyanides. 
This distance has not been measured,®^ but we should 
expect it to be much the same as that between the triply 
linked carbon atoms in acetylene, which is 1.19A, or 
between the triply linked nitrogens in nitrogen gas, which 
is i.ioA. 

Further support is given by the large moments that 
have been observed in a number of compounds known to 
contain co-ordinate links. Thus we have for the sulph- 
oxides and sulphones; 


Diphenyl sulphoxide 

Dibenzyl sulphoxide (C7H7)2S —>0 

Diphenyl sulphone 


4.08®^ 4.17®® 
3.88®® 

5.05®® 


Still larger moments 

are given by a series of co-ordination 

compounds of the halides of beryllium, 
num;®* for example: 

boron and alumi- 

BeBr2, 

x(C2H6)20 

7-57 

BCI3, 

CH3CN 

7.65 

AlCls, 

(C2Hb)20 

6.54 

AICI3, 

CeHsNOz 

9.05 

AICI3 

(C6H5)2C0 

8.7Z 


The behavior of aluminum bromide is remarkable.®®^ It is, 
of course, polymerized to Al2Br6 in the vapor, and pre¬ 
sumably in nonionizing solvents also at the ordinary 
temperature. In carbon bisulphide its moment was found 
to be very small, 0.0 and 0.6, and it is probably non-polar. 
If the polymerized form has the structure usually attributed 

to it, yAl<f /Ale; , this is to be expected. In ben- 
Br/ ^Br/ ^Br 


^ From the baad spectrum of cyanogen it has been calculated the distance for the 
triply linked CsN is 1.15 A.—Meckc, Bandspktra und ihre Bedeutungfur die Chemie (Berlin, 
15x9), p. Z3. 

Bergmann, Engel and Sandor, Z. thysik. Cbem., Bio, 397 (1930). 

De Vries and Rodebush, J. Am. Chm. Soc., 53, x888 (1931). 

Ulich and Nespital, Z. angew. Chem,^ 44, 750 (1931). 

Ulich and Nespital, Z. mectrochem., 37, 559 (193x). 
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zene it appears to be non-polar in the less dilute solutions; 
but when the concentration falls to less than 0.005N the 
molecular polarization begins to increase rapidly, and the 
extrapolated value for infinite dilution corresponds to a 
moment for AlBrs of 4.89. Ulich explains this by supposing 
that in carbon bisulphide it remains as the double polymer 
down to extreme dilution, while in benzene it begins at the 
lowest concentrations to dissociate into AlBrs. There are 
two objections to this. In the first place, there is no apparent 
reason why there should be this difference in the behavior 
of the two non-associated and non-polar solvents; in the 
second place, the value obtained for the moment is much 
larger than we should expect for AlBrs, as may be seen by 
comparing it with the moments of PBrs (0.61) and AsBrs 
(i. 66); it is of the order observed with molecules containing 
a co-ordinate link. It seems more probable that the alumi¬ 
num bromide has some tendency to form a co-ordination 
compound with the benzene, and that this is the compound 
whose moment is measured. If we have the simultaneous 
reactions; 

AlBrs'Celig .A AlBts 1. Al2Br6 

occurring, it is obvious that as the concentration dimin¬ 
ishes, the equilibrium will tend to pass over to the left- 
hand side. 

It should be mentioned that there is an unexplained 
exception to the rule that molecules with co-ordinate links 
have large dipole moments. Azoxybenzene, which un¬ 
doubtedly has the formula 

CeHs—N=N sHs 

i 

O 

has a moment of only 1.8. Its derivatives _f^?r^-azoxyanisol 
and ^i?m-azoxyphenetol also have low moments of l. 3, in 
spite of the contribution which the flexible alkyloxy- 
groups must make to the moments.®®*’ No reason for this 
exception has been suggested, and no parallel instances are 
known. 

Moments calculated by K. Hojendahl, Studies of Dif ole Moments (^Copenhagen, 192-8) 
from the measurements of L. Ebert and H. von Hartel, Physik. Z., 2S, 786 (1917). 
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Another phenomenon that supports the view that co¬ 
ordination compounds have large dipole moments is the 
form of the curve relating molecular polarization to con¬ 
centration which is found for alcohols in non-polar sol¬ 
vents. This will be discussed in the next section. 

Dipole Association 

As we have seen, it is necessary for the determination 
of the moments that the polar substance should be mea¬ 
sured in a state of extreme dilution, either as a gas or in 
dilute solution in a non-polar solvent. Unless they are far 
removed from one another the dipoles exert a mutual 
effect, and the extent of this cannot be calculated. In 
stronger solution the equations relating the moment to 
the polarization break down, and the molecular polariza¬ 
tion is no longer independent of the concentration. The 
change must be due to some orientation of the dipoles, and 
this is what is meant by dipole association. Debye pointed 
out some time ago®® that we can imagine various forms of 
attachment of the dipoles to one another, of which some 
will diminish and others increase the polarity, as in the 
two simple examples, 1 and II, herewith: 


+ - 



In I the dipole moment is reduced to zero if the approach 
is close enough. In 11 the molecular polarization of the 
dimeric dipole is 4 times that of the simple dipole; but as 
the polymerization reduces the number of dipoles in the 
solution to half, the effect is only to double the polariza¬ 
tion. Since, however, the moment is proportional to the 
square root of the polarization (page 130), the result of 
complete conversion into double dipoles of T3rpe 11 would 
be to increase the moment as calculated by the factor -sfL. 
The first kind of association, with reduction of the polari¬ 
zation, is obviously to be expected; but the second type 

Debye in Marx’s Handhucb dcr Kadiologie (Leipzig, 1916), Vol. VI, page 597. 
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seems improbable without the help of other forces in 
addition to the electrostatic attraction of the dipoles; for 
without such help this Type II is evidently unstable, and 
any displacement from the straight line, such as must be 
produced by the thermal agitation, will lead to its chang¬ 
ing over into Type I. The whole problem is obviously 
very complicated; the approach of the dipoles to one 
another will be restricted in many molecules by the steric 
interference of the attached groups of atoms, and thus the 
magnitude of the effect will depend not only on the mo¬ 
ment of the dipole but also on its position in the molecule. 

Experimentally this mutual interaction of dipoles can 
be observed by measuring the change of molecular polari¬ 
zation of a polar solute in a non-polar solvent as the con¬ 
centration varies from extreme dilution up to the pure 
solute. Such measurements give two types of curve. In the 
most frequent, the polarization falls off steadily with 
increasing concentration: with nitrobenzene, for example, 
from 348 cc at infinite dilution to 34 cc for the pure liquid; 
if we subtract the optical polarization, which is constant, 
of 39 cc, this means that the dipole polarization falls from 
309 to 55 cc, or in the ratio of 5.6 to i. This is an extreme 
case; the fall is usually smaller, the ratio being commonly 
between 1.5 and 2.-51;®^ with some polar substances it is 
much smaller than this, ethyl ether showing scarcely any 
change at all. With another class of substances, chiefly 
the lower alcohols, quite a different type of curve is ob¬ 
tained, in which the molecular polarization increases 
from infinite dilution up to a certain concentration, and 
then falls, ultimately to a lower value than that at which 
it started. It is simpler to discuss the two types of curve 
separately. 

The normal type of curve. Figure 7, I, occurs with 
substances like nitrobenzene which in the pure state do 
not behave as associated liquids.®* It is, therefore, pre¬ 
sumably due rather to a mutual attraction of the dipoles 

Errcra, Leitziger Vortrdgi, P* io7* 

Hojcndahf, Studies of Dipole Moments (popcnhagcn, 19x8), p. 34. Sack, Ergehnisse 
Exakten Wissenschaften, 8, 315 (19x9). Debye, Polar Molecules (Londoa, 19x9), p. 47^ 
Errcra, Z. physik. Chem., 138, 33X Leipziger VortrSge, 19^9, pp. xy, 109. Smyth, 

Dielectric Constant and Molecular Structure (New York, 1931) p. 180. 
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than to any chemical combination or co-ordination; but 
it may be caused either by an aggregation of the polar 
molecules into groups of two or more, or to their orienta¬ 
tion throughout the liquid. In the well marked instance 
of nitrobenzene in benzene, it was pointed out by Hojen- 



Mol•cula^ Percent Solute in Benzene 


Fig. 7. Dipole Association 


dahl®* that the cryoscopic results show a corresponding 
change with concentration. A more detailed comparison 
of recent data,®® both for the polarizations and the freezing 
points, confirms this conclusion. On the hypothesis that 
nitrobenzene forms non-polar double molecules, we can 
calculate their proportion at any concentration, on the 
one hand from the freezing point and on the other from 
the molecular polarization. For concentrations up to about 
I mole per liter, the values obtained by these two methods 

Davy and Sidgwick, /. C^em. Soc.^ 1933, x8i. 
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show approximate agreement. This, however, does not 
settle the question, because any interaction of the solute 
molecules, whether orientation or aggregation, must 
affect their activity, and therefore the freezing point of the 
solution. We can test the question whether polymerization 
occurs by calculating from the apparent association, as 
measured by either method, the association constant, K, 
of the reaction: 

LCeHsNOa ^ (CeHsNOa)^ 

^ _ [(CeHsNOOJ 

[CeHsNOz]^* 

When we do this we find that K is by no means constant; 
it increases steadily with the concentration, as is shown 
by the following tabulation, in which C is the concentra¬ 
tion in moles per liter, and x the fraction associated, cal¬ 
culated on the hypothesis that double molecules are 
formed; 



by freezing 

by polari¬ 

by freezing 

by polari¬ 


point 

zation 

point 

zation 

O.I 

0,049 

0.045 

0.2.71 

0.147 

0.5 

0,117 

0.186 

0-334 

0.181 

1,0 

0.356 

0.313 

0.42.9 

0.331 

1*5 

0.470 

0.396 

0.557 

0.361 

z.o 

0.570 

0.460 

0.771 

0-394 


It is therefore evident/ that the law of mass action cannot 
be applied to the prdcess. But the condition for the law 
to be applicable is that the interaction between the mole¬ 
cules should be practically confined to very small distances, 
as in ordinary chemical reactions. The rapid change in 
K indicates that we are dealing with an effect that is 
sensible when the molecules are further apart. The fall in 
activity and in polarization is sufficiently explained by the 
orientation of the dipoles under the influence of their 
mutual attractions; in fact the failure of the law of mass 
action in this case is very similar to that which occurs 
with strong electrolytes, except that since the force be¬ 
tween dipoles varies approximately as the inverse fourth 
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power of the distance, and that between ions as the inverse 
square, the departure of the “constant” from constancy is 
less marked with the former. 

A comparison of the polarization curves of nitrobenzene 
in different solvents leads to the surprising conclusion 
that the association is greater in solvents of higher dielec¬ 
tric constant; the change is not large, but is quite definite: 


Solvent 


Carbon bisulphide^ 

C==l.O 
z.63 0.353 

C==4.o 
0.669 

Benzene^ 

Z.Z9 0.313 

0.6i8 

Carbon tetrachloride^ 

x.i4 o.x84 

0.6x9 

Hexane" 

1.88 0.2.69 

0.606 

<» Williams and Ogg, J. Am. Chem. Soc., 50, 98 (192.8). 



b Lange, Z. Physik, 33, 169 (192.5); Hasscl and Uhl, Z. -phsik. Chem., B8, 199 (1930); 
Bcrgmann, Engel and Sandor, Z. -^hysik. Chem.^ Bio, 411 C1930); Pal, PhiL Mag., [7] 
10, x 65 (1930); Wehrlc, Pfys. Reif., 37, 1135 (1931). 
c Pal, PJbiL Mag., [7] 10, 165 (1930). 

We should expect precisely the opposite order, since on 
any hypothesis the force between the dipoles must diminish 
as the dielectric constant of the solvent increases. 

The second type of association, which is found with 
the alcohols, is shown by Curve II in Figure 7. With 
ethyl alcohol in benzene the curve starts with a value of 
yz cc for infinite dilution, rises to 95 cc for a concentration 
of about 0.3 molar fraction (xz per cent by weight of 
alcohol, or 4.0 normal), and then falls for the pure alcohol 
to 5Z. If we subtract the optical polarization (refractivity) 
of zo cc, this gives us an initial polarization of 5Z cc, 
rising to 75 C44 per cent) at the maximum, and falling to 
3z for pure alcohol.^®® Substances which give this type of 
curve differ from those giving the continuous fall of 
Curve I in being associated in the pure state. They also 
differ in their chemical character; while in nitrobenzene, 
for example, the oxygen atoms can act as donors of elec¬ 
trons, there is no atom that can act as acceptor, and so 

99aIt would ^appear Erom the recent work of Horst Muller,— Physik. Z., 33, 731 
—that this is due to a small but real difference in the values of the moment in 
different non-polar solvents. 

Errera, Leip^iiger VortrSge, 1929, p. 109. 
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association in the ordinary sense is impossible. In an 
alcohol both kinds of atoms necessary to co-ordination 
are present, the oxygen as a donor and the hydroxylic 
hydrogen as an acceptor. The anomalous rise in the polari¬ 
zation curve is accounted for^®^ if we suppose that the 
R—O—H molecules that are present form co-ordinate 
links with one another: 


R 

I 


R 


H4 


as the concentration increases. The large moments of the 
co-ordinate links produced account for the rise of the 
polarization curve. This formation of more complex mole¬ 
cules by co-ordination will not proceed without limit; it 
will be opposed by the thermal agitation of the molecules; 
and so at still greater concentrations of the alcohol, the 
normal orientation of these highly polar polymerized 
molecules will begin to prevail, and will ultimately cause 
a fall of the polarization curve. 


DIPOLE MOMENTS AND ORGANIC CHEMISTRY 

In addition to the general questions raised by the study 
of dipole moments, their investigation has thrown light 
on numerous problems, both of structure and of behavior, 
in organic chemistry. 

Cis-trans Isomerism 

The application of dipole moments to molecules of this 
type is obvious. On the simple principles of the composi¬ 
tion of moments a ar-disubstitution product of ethylene 
with identical substituents should be polar, and the trans 
compound non-polar: 

H—C—X 

H—i!—X 

as 


H—C—X 

X— (i— H 
trans 


Sidgwick, Z. Eleitrechem., 34, 450 (19^8)- 
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Experiment confirms this conclusion. Errera^®^ has mea¬ 
sured a series of dihalogen derivatives of ethylene with the 


following results: 

Cis Trans 

Dichloroethylene HC 1 C=CC 1 H 1.85 o 

Dibromoethylene HBrC=CBrH 1.35 o 

Di-iodoethylene HIC=CIH 0.75 o 

Chlorobromoethylene HClC=CBrH 1.55 o 

Chloroiodoethylene HCIC=CIH 0.57 i • 2-7 


The structures given in this table are those previously 
assigned to the compounds in accordance with the chemi¬ 
cal evidence; the dipole moments confirm this except for 
the chloroiodide, where they lead to the opposite con¬ 
clusion. Since the moment of C—Cl and C—Br are practi¬ 
cally identical, while that of C—I is smaller, we should 
expect a residual moment in the chloroiodide, but not in 
the chlorobromide. 

This conclusion has been confirmed for the dichloride 
by the experiments of Debye on X-ray scattering, which 
showed the distance between the chlorine atoms to be 
3.6A in the cis and 4.7A i n the trans compound. 

The Ben'^ene Problem 

The spatial configuration of benzene and its simpler 
derivatives has now been determined. The X-ray examina¬ 
tion of the crystal structure of hexamethyl benzene was 
carried out in great detail by Mirs. Lonsdale, and showed 
that the 6 carbon atoms of the ring and the 6 of the 
attached methyl groups all lie symmetrically in a plane. 
This conclusion is supported by the general trend of 
aromatic chemistry, and accounts for the absence of dipole 
moment in benzene, as well as for the observed impossi¬ 
bility of obtaining optically active substitution-products. 
If we accept this formula as it stands, we can calculate 

'“Etrera, (Comp, rend., l8z, 1613 (1916); Phy^ik. Z., 27, 764 C191O; Polarisation 
diilectriqm (Paris, i^x8). 

Debye, Phjsik. Z., 31,141, 415 (1530). 

Kathleen Lonsdale, Pm. Koy. Soc. London, Aia3, 494 (1919). 

The same is probably txuc of the iz atoms in hexachlorobenzcne—^Lonsdale, Pm. 
Roy, Soc, London, A133, 536 (1931). 

10 ® J. J. Thomson, Phil, [6] 46, 497 (192.35- 
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the moment of a disubstitution product if we know those 
of the two substituents separately, since the angle between 
the C—X valences will be 60° in the ortho, 12.0° in the 
meta, and 180° in the fara position. Hence, if the moment 
of the link C—X is m, the resultant moment that we 
should expect a molecule C6H4X2 to have is, according to 
the orientation; 

ortho', cos 60° = 

meta'. cos xi.o° = m 

far a ; o 

A symmetrical 1,3,5-tri-derivative, CeHgXs, would also 
of course have zero moment. If the two substituents are 
different, C6H4XY, and the moments of C—X and C —Y 
sxcmx and m^, we have: 

ortho: -s/mx -k mxjn^ 

meta : V m-x + — mx^n^ 

■para : mx — m^ 

If the two moments are oppositely directed with respect 
to the ring, the same equations apply, the signs being 
taken into account. 

The moments of a large number of di-derivatives of 
benzene have been measured and compared with the values 
calculated in this way. It is found that with the ortho 
derivatives the observed moments are always markedly 
lower—usually 15 to lo per cent—than the calculated. 
Attempts have been made to explain this by a spreading 
of the valence angle, but these are not of much value since 
it is clear that in substituted benzenes there is an inter¬ 
action between the substituent dipole and the ring, which 
certainly affects the moment. For the meta compounds the 
Thomson calculation usually agrees with observation 
within 10 per cent. The para compounds, as we have seen, 
fall into two classes: those in which the moments of the 
substituents are symmetrical, which conform to the 
theory; and those in which they are unsymmetrical, which 
show a considerable residual moment, due to the flexibility. 

The moment of a group C—X is, in general, different 
according as the carbon is part of an alkyl group, or of an 
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aromatic ring, or of an open-chain unsaturated, group. 
It is to be noticed that in the few instances of the last 
kind that are known, where the carbon is part of the 
vinyl group, the moment is practically identical with that 
of an aryl derivative: 


X 

Alkyl-X 

Aryl-X 

Vinyl-X 

Alkyl 

0 

0.4 

0.4 

Chlorine 

1.9 

1-7 

1.6 

Bromine 

1.8 

1-5 

1-5 


The differences between corresponding alkyl and aryl 
I derivatives are known for a large number of groups, and 
• have been utilized to throw light on the vexed question 
l of the mechanism by which a substituent in benzene 
i determines the direction of further substitution. This 
forms part of the more general problem of the way in 
which one group in an organic molecule affects the reac¬ 
tivity of another, which has been and still is the subject 
of keen discussion among organic chemists. Detailed 
theories, similar in many respects, have been put forward 
by Lapworth, Robinson, Ingold and others. All these 
theories have this in common, that they ascribe the 
phenomena to a displacement of the electrons in the mole- 
,’cule. It is obvious that if such displacements really occur, 
they must be reflected in the dipole moments. The first 
attempt to test these views from the physical side has re¬ 
cently been made by Sutton,^*”^ who has been able to 
obtain support for some of the conclusions of the Lap- 
worth-Rolbinson theory. He shows that there is a definite 
relation between the difference of moment of the aryl and 
alkyl derivatives Ar—X and Aik—X, and the directing 
power of the substituent X. If we call those moments of 
which the positive end is remote from the aryl or alkyl 
^oup positive, and those in the opposite direction nega¬ 
tive, then when /»(Ar— X)~m(^Alk —X) is positive, X 
directs further substitution to the ortho and para positions; 
while if this difference is negative, the direction is to the 
meta position. The difference in moment between Aryl—^X 
and Alkyl—X is obviously due to an interaction between 

L. E. Sutton, Pfflff. "Koy, Soc, London, A133, 668 (1531). 
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the C—X dipole and the rest of the molecule, which is 
different in the two cases, and clearly greater in the 
aromatic derivative, owing to the greater susceptibility 
of the benzene nucleus to modification. One kind of inter¬ 
action may be assumed in every molecule, a polarization 
of the electron orbits of neighboring atoms by the C—X 
dipole; but it is evident from the extent of the differences 
that a further effect—what the organic chemists have 
called an electromeric or tautomeric effect—must occur 
with benzene, and it is the magnitude and direction of 
this latter vsrhich we wish to measure. In order to eliminate 
the direct polarization as far as possible, Sutton compares 
the moments of Aryl—^X with those of compounds Alkyl— 
X in which X is attached to a tertiary carbon atom,^°® such 
as the tertiary butyl derivatives, so that in both the 
carbon atom of C—X is joined only to carbon. 


Table XXXIX 

Moments of Aromatic and Aliphatic Derivatives 

Moment of 


X 

Ar-X 

Aik—X 

mCM - X ) - «CAlk^X) 

CH3 

-1-0.45 

rfcO.O 

+0.45 

>0 

— 1.06 


-t-o.x3 


+ 1-55 

+1.2.3 

-bo.3x 

Cl 

-1.56 

“2.. 15 

+ 0-59 

Br 

-1.51 

— X.XI 

-ho. 69 

I 

-1.2.7 

—z. 13 

-ho. 88 

CHjCl 

— 1.8^ 

—Z.03 

+O.ZI 

CHCli! 

—2..03 

—Z.06 

±0.0 

CCI3 

— Z.07 

■-I -57 

— 0. 50 

COCH3 

-X .37 

~z .79 

—0.18 

CO 

-3.04 

-Z.76 

~o.z8 

c^sr 

-3.89 

-3.46 

-0.43 

NO2 

-3 33 

-3.05 

—0.88 


The results are given in Table XXXIX. The convention 
is there adopted of calling those moments positive (-f) in 
which the positive end of the dipole is remote from the 
ring, and those in the opposite direction negative (—). 

Of the moups in Table XXXIX, all the first eight, in 
which the difference is positive, direct further substitution 

For this reason the values of Allcyl—X in Table XXXIX will be seen to differ 
slightly from those given earlier in this chapter. 
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to the ortho and the para positions; the last four, where it 
is negative, to the meta; while ~CHCl2, for which the 
moments are the same, directs indifferently to all three 
positions. 

The results show beyond doubt that the directing effect 
produced by substituents in benzene is due to the conse¬ 
quent drift of electrons in the ring; and the direction of 
this drift is that required by the Lapworth-Robinson 
theory. 

It is notable that the magnitude of the differences is 
of the order of one-tenth of that (about 7) which would 
be caused by the actual migration of an electron from one 
atom to the next. This might be due either to a' complete 
migration occurring in about 10 per cent of the molecules 
or to a small shift in each of them; the measurements of 
the moments give us only their average value. But we 
can distinguish between these two possibilities and show 
that the latter represents the facts. On the first hypothesis 
the drift would affect only a small proportion of the 
molecules. Now some substituents, such as chlorine, make 
the rate of further substitution much slower than it is in 
benzene itself. If they influenced only 10 per cent of the 
molecules the rate could be diminished by only 10 per cent 
at the most, since the other 90 per cent would be unaffected 
and would react as they did before substitution took place. 

I It follows that the electromeric effect must occur in all 
I the molecules of the substance, and must consist in a drift 
jmuch smaller than that which would be caused by the 
i complete migration of an electron. 

It is interesting to compare Sutton’s conclusions with 
the rule for the direction of substitution in benzene which 
was put forward by Hammick and Illingworth.^®® This 
' rule, which seems to hold in every case, is as follows; If, 
in a substitution-product of benzene, CbHb—X—Y, Y is 
in a later group of the periodic table than X, or if, being 
in the same group, Y is of lower atomic weight than X, the 
direction of subsequent substitution is meta; if Y is in an 
earlier group, or if there is no Y, as in the case of CeHs-Cl, 

Hammick and Illingworth, /. Chem. Soc., 1930,1358. 
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then the direction is ortho-para. Now we have already 
seen that if in the link X—Y, Y is from a later periodic 
group than X, it is the negative end of the dipole, but if 
from an earlier group it is the positive end; what happens 
when both atoms come from the same group we do not 
yet know. Further, in the only examples we have of the 
replacement of a benzene hydrogen by a single atom, this 
is a halogen atom, which, coming from a later periodic 
group than the fourth, is negative to the carbon. Thus 
there is a direct relation between Hammick and Illing¬ 
worth’s rule and the moment of the substituent group. 
If we combine these facts with the conclusion given above, 
that the ortho-para directing power involves an electronic 
drift in the ring away from the substituent, we can dis-, 
tinguish three cases: (i) Y from an earlier group than Xj 
{ortho, para'); (z) no Y (ortho, para); (3) Y from a later! 
group than X (metd). The relation between the moment of) 
the substituent and the electronic drift in the ring—vindi¬ 
cated by the arrow—in these three is as follows: 



0, p 0, p m 

Ci) CO (3) 


In the first and third the drift is in the same direction as 
the moment of the substituent, and may be supposed to 
tend to relieve the strain that this produces but in 
the second, where there is only one atom in the substi- 
^ tuent group, we have to assume a drift in the opposite 
direction to the moment, which indicates that some prin- 
;ciple is operative which we do not yet understand. 

It will be remembered that the ordioary inductive effect of the moment is already 
allowed for by the comparison with the alkyl derivatives, in which this effect occurs also; 
the “drift" expresses some further change in the aromatic ring. 
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Na-phthalene 

Since in hexamethylbenzene the carbon atoms of the 
benzene ring lie in the same plane with one another and 
with the 6 carbon atoms of the methyl groups, we should 
expect the two 6-rings in naphthalene also to lie in one 
plane. The earlier investigations of naphthalene led to a dif¬ 
ferent conclusion. The X-ray examination of the crystals 
was supposed to indicate a zigzag structure. The first 
measurements of the dipole moment of naphthalene gave 
a small but definite positive result, which is incompatible 
with the plane formula. Recently however it has become 
almost certain that the plane formula is correct. The dipole 
moment has been remeasured and found to be zero.^^^ The 
moments of a series of derivatives, especially those con¬ 
taining halogens, have also been examined. Now that we 
know the benzene ring to be plane, we should expect to find 
that if the two rings in naphthalene do not lie in a single 
plane, they will be in two planes, inclined at an angle and 
meeting in the line of the two central carbon atoms, 
indicated by the dotted line in the figure; 



The decisive test of this question is the moment of a 
L,6-derivative; this can be non-polar only if the two rings 
are in one plane. The measurements give for this com¬ 
pound either a zero moment or a very small one, which 
may be due to experimental error, or to neglect of the 
atomic polarization, as they were made by the refractivity 

r T 35 . 1047 C19J0): J. W. Williams and J. M. Fogelbcrg, 

J. Jim. dm. SiK., 53, X096 (1931). ^ o s> 
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method. That one ring is plane is shown hj the absence 
of moment in i54“dichloronaphthalene; that both rings are 
plane is at least probable, since i,5-di£luoronaphthalene 
is non-polar; but both of these compounds could be non¬ 
polar even if the planes of the two rings were inclined to 
one another. 

In general the i- (a-) derivatives have moments very 
near those of the corresponding benzene derivatives; the 
moments of the x- (jS-) compounds are larger. The data 
are given in Table XL. 

Table XL 

Dipole lAoments of Naphthalene Derivatives 

i-Fluoronaphthalenc 

z-Fluoronaphthalene 1.56®*^ Fluorobenzene 1,45 

i-Chloronaphthalene 1.50^ t t 

i-Chloronaphthalene x*57^ Chlorobenzene 1.56 

i-Bromonaphthalene 1.58^ 1.48'^ , 

i-Bromonaphthalenc 1.71® 1.69^ Bromobenzene i.5X 

i-Iodonaphthalene x-43® t j i. 

x-Iodonaphthalene 1.36^ lodobenzene i.xy 

i-Nitronaphthalene 3.88^^ Nitrobenzene 3.93 

1,5 -Difluoronaphthalene o ^ 

1,5-Dinitronaphthalene o, 

x,6-Dichloronaphthalene o,^ o.6o^»® 

1,4-Dichloronaphthalene o ^ 

<»Zalm, Fhys. Kev., 35,1047 Ci 930 * 

b Williams and Fogclbcrg, /. Am, them, Soc.^ 53,1096 Ci93i)- 
c Parts, Z, physik. Chem., Bio, 164 (1930). 
d Nakata, Ber,, 64, xo59 (1931). 
e Bcrgmann and Engel, Z, Blektrochem,^ 37, 563 (1931)* 

/ Hojendahl, Fhysik. 2 ., 30, 391 (1919). 

Diphenyl and Its Derivatives 

On account of various chemical peculiarities and of 
their stereochemical behavior,it was at one time sug¬ 
gested by Kaufler that the two rings in diphenyl do not 

An excellent summary of the rather complicated history of the chemistry of the 
diphenyl group is given by Ingold in Annual Reports of the Chemical Society, ^3,119 
(London, 19169. The interesting stereochemical q[ucstions to which they give rise arc dis¬ 
cussed telow in Chapter VI, p. 114. 
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lie in a plane, as in diagram I but are folded over each 
other, as in 11 . This should obviously be capable of deter- 



1 11 


mination by means of the dipole moments. A ^i-para~ 
substituted diphenyl X C6H4-C6H4 X should, on the plane 
formula, be non-polar if the X groups are not flexible, 
while on the Kaufler formula it should be polar. Any 
doubt whether the groups are flexible can be settled by 
comparing the compound with the corresponding para 
di-derivative of benzene. If the latter is non-polar, the 
same groups should give a non-polar diphenyl derivative 
also, if the plane formula is correct. 

The results”® are given in Table XLI. Earlier measure¬ 
ments indicated thaP*;p-phenylene diamine was non-polar, 
but Weissberger and Sangewald”^ showed that the tetra- 


Table XLI 


Moments of -Diphenyl Derivatives, X-C6H4-C6H4-X, 
and p-Di-suhstituted Benzenes, C6H4X2 


X 

H 

F 

Cl 

Br 

NOi 

CN 

NHj 

NCCHs)^ 

OCHs 

OQH5 

OCOCH3 

COOCH3 


X-C 6 H 4 -C 6 H 4 -X 

^C 6 H 4 Xj 

0 

0 

0 

— 

0 

0 

0 

0 

0 

0 

0 

— 

1.4 

1.5 

I.i5 

1,13 

I.5X 

1.74 

1.9 

1.74 

1.9 

1.1 

1.x 

1.1 


and Weissberger, J. Am. Chm. Soc., 50,1331 (1918); 2 . piysik. Chm., 
Weissberger and Saagewald, Z. physO.. Chem.,^g, 137 (1919). 
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methyl derivative had a definite moment, and Williams 
and Fogelberg^^® re-examined the simple diamine and 
found that that also was polar. 

These results make it clear that the position of the 

'-derivatives of diphenyl is exactly the same as that of 
the -para derivatives of benzene; where the moment of the 
substituent group is sjrmmetrical to the center line of the 
molecule, the compound is non-polar; otherwise it is polar. 

It is therefore evident that the folded structure of 
Kaufler (page 184, TC) must be given up, and that the two 
rings in diphenyl lie in a plane. This is what we should 
expect, now that we know from the crystal structure of 
hexamethylbenzene that carbon atoms attached to the 
benzene ring lie in the same plane with the ring. 

Corn-pounds of the Type CA4 

There has been much discussion about the structure 
of molecules of the CA4 type, especially penterythritol 
C(CH20H)4 and its derivatives. This was largely due to a 
mis-interpretation of the physical evidence. Guillemin^^® 
and Henri suggested on spectroscopic grounds that a 
molecule CA4 could have the form of a square pyramid 
with the carbon at the apex. This conception, though it 
is opposed to the results of stereochemistry, appeared to 
be supported by the X-ray examination of the crystal 
structure of penterythritol, which was thought to indicate 
that the arrangement of the groups round the central 
carbon atom could not be tetrahedral.^^® Later work, 
however, has thrown great doubt both on the spectro¬ 
scopic conclusions,^^® and on those based on crystal struc¬ 
ture.^®® 

The dipole moments should enable us to solve the 
problem. A molecule CA4 can be non-polar only if it is 

Williams and Fogclbcrg, Physik. Z., 31, 363 
116 Guillemin, Ann, Physik, 81, 173 (152.6). 

V. Henri. See especially Chem. Reviews, 4, 185 (152.7). 

Mark and Weissenberg, Z. Piysik, 17, 301 (152.3); Huggins and Hendricks, /. Am. 
Chem. Soc., 48,164(1916). , . 

11® A. E. Ruark and H. C. Urey, Atoms, Molecules and Quanta (New York, 1530), p. 436. 
1^® Nitta, Bull. Chem. Soc, Japan, i, 6 % (152.7); Schleede, Z. anorg. allgem. Chem., 168, 
313 (15x8); ibidem, 17a, ixi (15x8); Mollcr and Reis, Z. ^ist., 68, 385 (15x8); Knaggs, 
Proc. Roy. Soc. London, Aj.%%, 65 (15x5). 
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either plane or tetrahedral, and a plane formula is ruled 
out on a variety of grounds. A square pyramid, such as 
Henri advocated, must be polar. 

The moments for compounds of the formula CA4 are 
given in Table XLII. 


Table XLII 




Difole 

Moments of Molecules CA4 



A 


Ref. 

A 

M 

Ref. 

H 

0 


OCHs 

0.8 

6 

Cl 

0 


OC2H5 

1.1 

6 

NO2 

0 

a 

CH2OH 

ca X 

c 

CH2CI 

0 

b 

CHjOCOCHa 

z. 6 

6,c 

CHaBr 

0 

a,b,c 

CH2ONO2 

z.o 

6 

CH2I 

0 

b 

COOCH3 

Z.8 

b 




CHjOCHs 

0.3 

6 l 




CO-OCaHs 

3.0 

b 


aj. W. Williams, Physik, Z., ^^9, 683 (1918). 

& L. Ebert, R. Eisenschitz and H. von Hartel, Z. -physik. Chm., Bi, 94 (1918). 
cj. Estermann, LeipzygerVortrSge, X91Z9, p. 17. 
d 0 . Fuchs, Z. Physik, 63, 814 

It will be seen that the molecules are always non-polar 
except where the flexibility of the attached groups will 
account for the polarity. In penterythritol itself, which 
was examined by the only possible method, that of the 
molecular beam (see above page 135), the moment might 
also be explained as being due to the association of the 
hydroxyl groups. 

A more surprising result is the absence of polarity in 
penterythritol tetrachloride, tetrabromide and tetraiodide, 
which has been confirmed for the first two by the beam 
method. The moment of — CH2-halo^en is unsymmetri- 
cal, and the corresponding fara derivative of ben2ene 

CH2C1^( ^-CHaCl has a moment of i .8, which is obviously 
due to the rotation of the flexible groups. A symmetrical 
and non-polar arrangement of the four — CH2CI groups 
round the central carbon is of course possible; but it does 
not seem probable that the potential of the moments will 
be strong enough to fix the groujps permanently in this 
position, especially since the C—Cl links are further apart 
than in ethylene dichloride, which has a considerable mo- 
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ment, and also since the orthocarbonates 0(0Aik) 4 have 
moments of about i .0. It seems more likely that the four 
groups are held in the position of zero moment partly by 
steric influencesA^’- 

Compounds of Divalent Carbon^^^ 

For the last 40 years it has been assumed, mainly as 
the result of the work of Nef,^^® that in carbon monoxide, 
the isocyanides and fulminic acid, the carbon is divalent 
in the sense that it forms a double link with the next atom 

thus: R—N=C R—O—N=C. 

An alternative formula, in which the carbon shares 6 
electrons with the oxygen or the nitrogen, the last pair as 
a co-ordinate link in which it acts as acceptor, was pro¬ 
posed by Langmuir,^^^ and has been adopted by Lewis,^^® 
Lowry, Sugden,^“ and others. This method of formulation, 
which may be written in various alternative ways, e.g .: 


0 = 

1C 

R—N^C 

R—O— 

+ 

_ 

+ — 


0 

c 

R— 

R— 0 — 

:0 

ic: 

R:N i C 

R:0:NiC: 


has never been definitely accepted, at any rate by organic 
chemists. 

We have seen already that the evidence of the moments 
is decisively in favor of the Langmuir formulas. The minute 
moment (o.il) of carbon monoxide can be explained only 
by supposing that the very unequal sharing of the electrons 
between the carbon and the oxygen is offset by the trans¬ 
ference of an electron from the oxygen to the carbon, and 
the moment that this hypothesis requires for the C^O 
link is of the right order (see page 153). In the isocyanides 
the Nef formula requires that the carbon of the —^NC 
group should be the positive end of the dipole, whereas 

121 Wcissbergcr and Sangcwald, Fhysik. Z., 30, 791 (192.9). 

^22 Hammick, New, Sidgwick and Sutton, J. Chm, Soc,, 1930, 1876; Chem. KeviewSy 
9, 77 (1931). 

N 5 , Am., ^70, tJBj (1891),* ibidem, ^87, 2.65 (1895). 

Langmuir, J. Am. Chem. Soc., 41,1543 (1919). 

Lewis, Valence (New York, 192.3), p. 12.7. 

^ Sugden, The Parachor and Valency (London, 1930), p. 171. 
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experiment shows (page 130) that it is the negative end; 
and here too the value or the moment is exactly that 
which such a transference would produce (page 168). 

A final proof of the correctness of this view would be 

to show that the atoms of the^C—^N=C group lie in a 

straight line, since the Nef formula would involve an 
angle of about 1^5° between the single and the double 

link ^ other words to show that this behaves 

as a non-flexible group. There is a presumption that this 
is so, because the moments of p-chlorophenyl and p-tolyl- 
isocyanides are so nearly (page 139) the exact difiFerence 
and the sum, respectively, of those of the single constitu¬ 
ents; which indicates that the moment of — NC link, as 
well as those of the —Cl and — CH3, is symmetrical to 
the long axis of the molecule. The most conclusive test 
would be the moment of ^-di-isocyano-benzene, which on 
the Nef formula (Z) should be polar and on the Langmuir 
formula (IZ) non-polar: 



C^- 


•N^C 


I u 

This moment has been determined the substance is 
very unstable, and decomposes somewhat during the 
measurements, but the results show that it is non-polar, 
as formula II requires. 

^ These structures are supported by several other lines 
of evidence: the heats of formation (p. 119); the parachor 
values and, for carbon monoxide, by the interatomic 
distance^^® and the vibrational force constant of the link 
(p. 1x3), which is 18.6X10®, the average value for a triple 

Sutton and New, /, Chem. Soc., 193^, 1415. 

Hammick, New, Si<kwick and Sutton, J, Chm. Soc., 1930, 1876; Lindemann and 
Wiegrcbc, Ber,, 63, 1650 Sugden, Tht l^arachor and Valenp)/ (1930), p. 171. The 

vaxues arc I 

Calculated: Nef formula, 48.0 40^^ 

Langmuir formula, 69.6 61..% 

Observed: 61.6 ^5*5 

»“ Calculated for 0 ==O 1.14, for C=01.14; Observed 1.14A. Sei Table XX, page 88. 
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link. They are further supported by the chemical behavior 
of the isocyanides. It was shown by Nef that they differ 
from the nitriles in that the unsaturation appears to be 
confined to the carbon, instead of extending, as it does in 
the nitriles, to the nitrogen; the addition compounds are 
of the type R—^N=CX2. This results from the nitrogen 
having already a fully shared octet, while the carbon has 
a lone pair of electrons. This lone pair also accounts for 
the readiness with which both carbon monoxide and the ’ 
isocyanides form co-ordination compounds, such as the 1 
carbonyls. Additional evidence is given by the observation I 
that nickel carbonyl is non-polar.^^®^ This implies that the 
link between the carbon and the oxygen is collinear with 
the co-ordinate link between the carbon—or, less prob¬ 
ably, the oxygen—and the nickel; otherwise the free or 

S artially free rotation of the CO groups would lead to a 
efinite moment, as occurs with the methyl and ethyl esters 
of orthocarbonic acid, which have moments of x.8 and 3.0 
respectively.But it is only if the CO link is triple that 
it can be collinear with the single co-ordinate link. 

The establishment of these structures removes an ap¬ 
parent anomaly in the behavior of carbon as compared 
with the other elements of its group in the periodic table. 
The “inertness” of a pair of valence electrons, changing 
the valence by two units, is found in many elements of the B 
subgroups, but is always more marked in the heavier mem¬ 
bers of any group. In the fourth group this change is very 
obvious; the inertness is most marked in lead, where the 
only stable ion is divalent; less in tin, where the stannous 
ion is unstable; faint in germanium; and practically absent 
in silicon. It is opposed to all analogy that the divalence 
should reappear as a relatively stable condition, in carbon. 

Nef extended his theory of divalent carbon to other 
compounds than those we have been considering, and 
especially to acetylene and its derivatives, which he main¬ 
tained could exist in tautomeric forms thus: 

K 

R—R 

R/ 

L. E. Sutton and J. B. Bentley, Nafare, 130, 314 0932 -)- 
129 C L. Ebert, R. Eisenschitz and H. von Hartcl, Z. fhysik. Cbem., Bi, 94 (19^8). 
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This kind of divalent carbon compound cannot be given a 
co-ordinated structure like that of the isocyanides; the 
middle carbon atom in the second formula has a fully 
shared octet and no lone pair, so that it cannot co-ordinate, 
and the terminal carbon can only have a valence sextet. 
These views by Nef have been disputed,^®® and are not 
generally accepted. The band spectrum of acetylene’^®^* 
shows that at least the greater part consists of symmetrical 
rectilinear molecules. The structure of di-iodoacetylene, to 
which Nef assigned the unsymmetrical formula, can be 
determined from the dipole moment: if it is I—C^C—I it 
must be non-polar, and if it is I2C—C it should have a 
considerable moment. The substance has recently been 
examined^®^'’ and found to be non-polar. 

The existence of the supposed acetal of carbon monox¬ 
ide, C(0-C2H5)2,^®® appears from the recent work of 
Arbusow^®® to be very doubtful. 

Oximes 

The configuration of isomeric oximes has been in 
dispute for some years; the original view of Hantzsch and 
Werner was that the two groups that change places in 
the Beckmann transformation are those that are in on the 
same side of the C=N group, while Meisenheimer subse¬ 
quently showed that there were reasons for thinking that 
they were on opposite sides: 

R—C ==0 R—C—^Ri 0 = 0 —^Ri 

, l^HRi NOH ^HR 

Hantzsch, Wemcr Meisenheimer 

The configuration of every pair of isomeric ketoximes is 
thus inte)^reted in opposite ways by the two theories, 
and a similar uncertainty arises about that of the aldoximes 
as well. It is not easy to find unambiguous chemical 
reactions that will decide between the two; and although 

See Biltz, Biff., 46, 143 (1913“). 
isia Mcckc, Z. Pfysik, 64, 173 (1930). 

L. E. Sutton and J* B. Bendev. Unpublished. 

Schciblcf, 59, ion (19x6); Schcibler and Adickes, ihidm, 6o, xyx, 554 Ci92-7)* 

13 * Arbusow, 64, 698 (1931). 
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the balance of evidence was, on the whole, on the side of 
the Meisenheinaer theory it was not conclusive. 

The problem has been attacked by means of the dipole 
moments, by Taylor and Sutton.The oximes themselves 
offer difficulties, owing to their association,^®®* and the 
N-ethers of the oximes of ^-nitrobenzophenone oxime were 
examined. The molecule contains two highly polar groups: 

P 

the nitro group, and the N-ether group 0 =N< ,• the 

\CH3 

latter, owing to the co-ordinate link, should have a 
moment of about the same magnitude as that of the nitro 
group, the oxygen being the negative end of the dipole 
for both groups. Hence, when the -^O is on the same side 
of the C=N as the nitrophenyl, the two will co-operate 
and produce a large moment; while when it is on the 
opposite side they will oppose each other. Two isomeric 
oximes of jp-nitrobenzophenone are known, of which one 
(a) gives, in the Beckmann reaction, ^-nitrobenzanilide, 
and the other (fi) benzo-^-nitranilide (see the formulas 
below). Each of these oximes can be methylated without 
conversion into the other, giving the a- and j8-N-methyl 
ethers respectively. The dipole moment of the a ether was 
found to be 6.60, and that of the jS ether 1.09. This makes 
it certain that in the a ether the co-ordinated, oxygen is on 
the same side as the nitrophenyl group, and in the jS ether on 
the opposite side. Thus we have the relations on page i9z. 
It is therefore evident that in the Beckmann transforma¬ 
tion the hydroxyl of the oxime changes places with the 
hydrocarbon radical on the opposite side of the C=N, as 
Meisenheimer supposed. A probable mechanism to ac¬ 
count for this migration has been suggested by Mills. 

The configurations of the aldoximes cannot be deter¬ 
mined in this way, since no isomeric N-ethers of aldoximes 
are known. Taylor and Sutton in a recent paper®^®®*^ have 
however established them by comparing the moments of 

134 fj. ^ j l E. Sutton, J. Chmt. Sac.^ 

136 a o. Hasscl and E. Nacshagcn, Z. pbysik. Cbm., B4, xij (192.9). 

136 b Mills, in The Advancement of Science (^ndon, 193X), page 47. (Presidmtial 

address to the rbemi eal section of the British Association for the Advancement of Science, 

193^), 

i 36 e p ^ J Xaylor and L. E. Sutton, J. Chem. Soc., 1933, 63. 
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the 0-ethers of the two j-nitrobenzophenone oximes with 
those of the corresponding J-nitrobenzaldehyde deriva¬ 
tives; in both cases the relations of the 0-ethers to their 
parent oximes are quite unambiguous. The 0-ether of the 
a-ketoxime has a moment of 3.75, that of the j8, of 4.X5. 
The difference is naturally less than that between the 
N-ethers, since the 0 -ethers do not possess the highly 
polar co-ordinate link; it is also in the opposite direction, 
which is likewise to be expected, since the moment of the 
N—O—CH3 group depends on the balance between the 

H- > <-H 

opposing moments of the N—O and O—C links, of which 
the latter must be the larger, as the two atoms belong to 
more widely separated periodic groups. Of the 0 -ethers of 
^-nitrobenzaldoxime, the |8 was found to have a moment of 
3.4, and the a of 3.9, the difference being the same as 
between the ketoxime ethers. It is thus clear that the 
i8-aldoxime ether corresponds to the a-kctoxime ether, and 
that the i 3 -aldoxime, which is the form yielding the 
nitrile, has the hydroxyl on the same side of the C==N as 
the nitrophenyl group. 
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Aizo Compounds 

In his discussion of the stracture of the diazo compounds 
some 30 years ago, Hantzsch pointed out that the—^N=N— 
group was essentially less stable in the cis configuration 

Ar—Ar—N 

II than in the trans || owing to the strain 

X—N N—X 

caused by the steric interference, in the cis position, of the 
two attached groups; and that the azo compounds, on ac¬ 
count of their surprising stability—azobenzene boils with¬ 
out decomposition at l 93°—^must belong to the trans series. 

This conclusion has been confirmed by the measure¬ 
ment of the dipole moment of azobenzene, which is found 
to be zero.^“ The ^-monochloro and monobromo deriva¬ 
tives have nearly the same moments (1.55 and i-4l) as 
chloro- and bromobenzene (1.55 and 

Abides and Aliphatic Dia^p Compounds 

These compounds were originally supposed to contain 
3-rings; but more recently this view has been abandoned in 
favor of open-chain structures. The change of opinion was 
largely due to the work of Angeli, Thiele, and Staudinger, 
who showed that both classes of compounds could be con¬ 
verted into substances which contain these open chains and 
which could only be derived from the ring structures if it 
was supposed that when the ring was opened it broke not 
at the double link, N=N, but at a single link. This argu¬ 
ment is not conclusive, because the double link between 
nitrogen atoms, unlike that between carbons, is very 
strong. This is shown by the general behavior of such com¬ 
pounds, and is supported by the observation that the heat 
of foacmation (page izo) of the C=N link is at least twice 
that of the single C—link, while that of C=C is mark¬ 
edly less than twice that of C—C. Hence we should expect 
that the same would be true of the link of nitrogen to 
nitrogen, and that a ring containing two doubly linked 
nitrogen atoms would break, if at all, not at this double 

E. Bergmann, L. Engel and S. Sandor, Ber., 63, 2.571 (1930), 



Azides and Diazo Compounds 


195 


link but at the C—or the N—link. The argument from 
organic chemistry thus leaves the question of structure 
still open. 

If we assume that the atoms in these compounds have 
complete octets, they can be formulated in three ways: 

/N 

R—N< II R—N=N=±N R—N 4 -N=N 



R. 

R' 


>C=N=^N 

II 


Rv 

R^ 


m 


Of these formulas, I should have a small moment owing to 
the symmetry of the ring; II and III both contain co¬ 
ordinate links, and so their moments will be large, and 
they are obviously in different directions. 

The volatility both of the azides and of the diazo com- i 
pounds suggests that their moments are small. A large ^ 
moment always reduces the volatility, as may be seen from 
the comparison of the boiling points of the isomeric pairs: 


CH3-0-N=0 -ii°; P(0C2H5)3 156°; (CH3)2N-0CH3 30° 

CH3-NC -f 101°; C2H5(0C2H5)2P->0 198°; (CH3)3N-0 > i8o° 

where, though the moments have not been measured they 
may be inferred from the co-ordinate links.^^’^ If the azides 
and diazo compounds have ring structures with small 
moments, their boiling points should lie near those of the 
corresponding halides which have about the same mole¬ 
cular weights; if they have open-chain structures with 
large moments the boiling points should lie much higher, 
nearer to those of the nitro compounds. A comparison of 
known compounds of these types showed^*® that in boiling- 
points the azides come near to the corresponding bromides 

The co-ordinate link of course affects the volatility only through the moment. In a 
molecule like carbon monoxide, where it diminishes the moment, the volatility is in- 
acased. The remarkable resemblances in critical constants between nitrogen, which is non¬ 
polar, and carbon monoxide, to which Lan^uir drew attention—-J. Chm. Soc., 41, 

1543 (i^i9)-|“are due to the latter being almost non-polar. 

Sidgwick, J. Chm. Soc., 192^9,1108. 
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or between them and the iodides, while the diazo com¬ 
pounds come very near the chlorides; the nitro compounds 
being always much less volatile even than the iodides. 
This evidence is, therefore, in favor of the ring structures 
for both classes of compounds. 

The values of the parachors both of the azides and of 
the diazo compounds also support the ring formulas, al¬ 
though the differences to be expected between the two 
structures are rather small, thus with the azides the calcu¬ 
lated value for the ring is 38.6 and for the open chain 44.8; 
the mean observed value is 40.3.^®® 


a. Azides 


The dipole moments of the azides have recently been 
measured, with the following results: 


Phenyl azide 
p-Tolyl azide 
p-Chlorophenyl azide 
p-Bromophenyl azide 

a Sutton, Nafure, ia8, 638 (1931). 
h Bcrgmann and Schiitz, Nature, ia8,1077 (1931). 


1.55“’'’ 

1.96“ 

0.35“, 0.47^ 
0.64“ 


This shows that the azide group has a moment of about 
1.5, with the negative end remote from the benzene ring. 
This clearly fatvors the ring structure. Of the three formulas 
given above (page 195), III is impossible because the 
moment is in the wrong direction; and it is difficult to 
understand how a structure like 11 , including a co-ordinate 
link, can be reconciled with a moment as small as 1.5. 

This conclusion, which is supported by such physical 
evidence as we have about the azides, is the more .surprising 
because the evidence from crystal structures shows clearly^^® 
that the azide ion [Ns]" has a rectilinear structure. This 
admits, on the tetrahedral model, of two formulations: 

[N±=N=±N]- [N<-N^N]- 

[N=N==N]- [N-N^]- 

17 

H. Lindcmaim aud H. Thiele, Ber., 6i, 15x5 (19x8); H. Lmdemanu, A. Wolter and 
R. Grogcr, ibidem, 63, 70X (1930). 

Hendricks and Pauling, J. Am. Cbm. Soc., 47, X904 (19x5). 
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The second of these V is obviously improbable, but IV 
should be stable, as it is perfectly symmetrical and has no 
turning moment. We should expect the N3 group to have 
the same structure in the ion as it has in the covalent form. 
It is to be noticed, however, that the symmetry and non¬ 
polarity of the ion, on which its stability may be supposed 
to depend, cannot be preserved when it becomes covalent; 
an imaginary phenyl cation can attach itself only to one of 
the terminal nitrogens, since the central nitrogen has no 
unshared electrons: 

[::N IN1N;]- -t- [C 6 H 5 ]+ —CeHscNi N iN; 

and it will then give, if the open chain is maintained, the 
molecule R—N=N=::^N, the second of the three possibilities 
already mentioned, in which the balance is destroyed by 
the disappearance of one of the two co-ordination moments. 
This may explain why the ion and the covalent form have 
different structures. 

b. Aliphatic Diazo Compounds 
The moments of some of these compounds have re¬ 
cently been measured,with the following results: 

Diphenyl diazomethane i.4x — 

Di-^-tolyl diazomethane 1.94 1.90 (calc.} 

Di-^-chlorophenyl diazomethane o.6z 0.38 (calc.} 

These show that the negative end of the dipole is directed 
towards the nitrogen. The calculated values are derived 
from the observed moments of toluene and chlorobenzene, 
on the assumption that the angle between the C—C 
valences of the methane carbon is 109.5°. The agreement is 
reasonably good, as no account is taken of the atomic 
polarization. 

Of the three possible structures given above (page 195}, 
only I, the ring structure, would be expected to give so 
small a moment. Ill is definitely excluded,since its 
moment, besides being too large is in the wrong direction. 

141 Y Sidgwick, L. E. Sutton and.W. Thomas, Unpublished. 

This IS the only formula on which optical activity is possible for the diazo-com- 
pounds, but, as will be seen later (page ii8), the evidence for such activity is very weak. 
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II has a dipole in the right direction, but as it contains a 
co-ordinate link, its moment should be at least four units. 
The observed moment of 1.4 is larger than we should ex- 


.N 


/ 

pect for the group From the distances C—= i .48A, 


and N=N = i.xxA, the angle between the C—valences 
must be 48°4o', and hence n\C —^N=) must be 0.78. But the 
value of 0.4 assumed above for the moment of C—is 
somewhat uncertain and may be too small also we do 
not know what may be the effect of the double linkage of 
the nitrogen on the moment of C—^N. Further, the value 
of 1.4 for the diazo-group is that obtained from the aro¬ 
matic compounds. The moment of diazomethane and its 
alkyl derivatives may be expected to differ from this in 
accordance with Sutton’s rule (page 179), and, since the 
diazo-group is meta-directing, to be smaller. 


See D. LI. Hammick, R. G. A. New and L. E. Sutton, /. Chm, Soc., 193a, 745. 



CHAPTER VI. 

Stereochemistry. 

T he last characteristic of covalent links that will be 
discussed is the angles between two or more links 
formed by the same atom. 

This is the subject of stereochemistry, and the classical 
method of treatment is through the evidence of organic 
chemistry, in accordance with the principles laid down by 
van ’t Hoff nearly sixty years ago.^ In recent times, how¬ 
ever, this has been supplemented by evidence derived from 
the investigation of a whole series of different physical 
properties, many of which already have been discussed. In 
this chapter I propose to collect and summarize the results 
of this convergent series of investigations. 

I. Evidence of Organic Chemistry 
The organic evidence stands rather apart from the rest, 
and may therefore be considered separately. The basis of 
van ’t Hoff’s.argument is this: If the spatial models of two 
molecules are superposable, they must represent the same 
substance. If they are not, the two substances represented 
must differ in some respects.^ If the difference between the 
models, while sufficient to make them non-superposable, is 
only such that one is superposable on the mirror image of 
the other, then it follows that both contain the same groups 
linked through the same atoms, and that the distance from 
any one atom to any other is the same on both models. 
The only point in which the two can then differ is in the 
right- or left-handed arrangement of the groups. The 
relations between two such isomers may be given in 
van ’t Hoff’s own words;® 

^ Van't Hoff, Voorstd tot Uithreiding der Stntctoof’Fomdes in de "Ruimte . . . Utrecht, 
September 1874. 

® It is, of course, always possible that the two arc in continuous tautomeric Equilibrium, 
® Van *t Hoff, The Arrangement of Atoms in S^ace (id Ed., London, 1898), p. 9. 
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All the molecular dimensions being equal in the two forms, we 
must expect a kind of isomerism distinguished by a near approach to 
identity. This state of things fully coincides with the facts, and may be 
summed up as follows. 

All physical properties depending on molecular dimensions and 
attractions (mathematically speaking, on the quantities a and h of 
van der Waals' theory) are identical in the two isomers: thus specific 
gravity, critical temperature, maximum tension, boiling point, melting 
point, latent heat or fusion and vaporisation, etc. The same holds for 
the physical properties which manifest themselves as the expression of 
these mndamcntal quantities on contact with other bodies, c.g, solu¬ 
bility. 

As regards chemical properties, we must expect exactly equal 
stability, the same speed of formation and of conversion in given re¬ 
actions, equilibrium when equal quantities of each are present together, 
no heat of transformation when one is converted into the other, and 
accordingly equal heat of formation in both cases. 

Finally, the only difference is due to the lack of symmetry, and this 
is manifested physically in the opposite optical activity, the so-called 
right- and left-handed rotation, snown by the isomers in the dissolved 
state—the state, that is, when the rotation must arise from molecular 
not from crystalline structure. 

Two points may be added. It is, of course, obvious that 
the identity of general physical and chemical properties 
will no longer hold when the substance with which the 
isomer is in contact, either as solvent or as reagent, is itself 
asymmetric.^* It also is clear that the phrase “ asymmetric 
atom'*, which was used by van ’t HofF, is only a con¬ 
venient abbreviation. When one atom is obviously a 
center of asymmetry it may be called the asymmetric 
atom; but whenever this way of speaking leads to diffi¬ 
culties, and there is any doubt which is the asymmetric 
atom, we have to go back to the real principle, which is 
that the asymmetry is not that of one atom but of the 
molecule as a whole. Another point that is sometimes 
disputed is whether we should describe the van ’t HofF 
model of the carbon atom as a regular tetrahedron; and it 
may be pointed out that van 't Hoff’s views on this were 
quite definite. He says,^ after giving the usual diagrams: 

Professor Jolin R. Johnson has pointed out to me that actually all the evidence up 
to the present shows that optical enantiomorphs have identical solubilities in chemically 
inert optically active solvents. For example, i-menthyl phthalatc has the same solubility 
in and in Aoctanol-a, and the same is true of quinine and of ^canmhor sulphonic acid. 
Other experiments are recorded by H. O. Jones, Proc, Phil. Soc. Cambridge^ 14,17 (1907). 

^ Van *t HoflF, op. cit.y page 8. 
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A word as to the shape of the tetrahedra. If we wish to represent 
only the two possible formulae given above (for CR1R2R3R4), their 
peculiar lack of symmetry, their object-and-image relation, and the 
way they may be rendered identical, the regular tetrahedron with 
variously coloured comers quite suffices. But if the mechanics of the 
atom is to be taken into account, we must admit, without making any 
hypothesis as to the nature of the forces acting, that in general these 
forces will be di£Ferent between different groups, and the same between 
similar groups, and then the difference between [the enantiomorphic 
models] must be expressed in the dimensions also. The edges R1R4, 
RiRa, etc., will then be different in the two figures [It. in both], but 
the corresponding dimensions in each, RiRi in Fig. 3, R1R4 in Fig. 4, 
will be equal. The two tetrahedra then express by their shape their 
object-and-image relation (so-called enantiomorphism), and at the 
same time a mechanical necessity is satisfied. 

In Other words the tetrahedron formed by joining the 
centers of the four atoms attached to a carbon atom is 
regular only when the four attached groups are the same. 

The important point, which is implied in van’t Hoif’s 
language and which has been supported by all subsequent 
experience, is that the four covalences of the carbon atom— 
and the same applies to any of the covalences of any other 
atom as well—are all essentially the same. In such a mole¬ 
cule as CA3B, the relation between C and B is uniquely 
determined by the nature of the atoms C, B, and A; only 
one form of such a molecule can exist: there is no difference 
in the carbon valences such as to make the resulting mole¬ 
cule different according as one special valence is occupied 
by A or B. There is, of course, a distinction between 
ionized and covalent links, and among the latter between 
single, double, and triple links; but the covalent link of any 
one of these last three species is always of one kind, with 
properties determined only by the nature of the linked 
atoms and of any other atoms that may be attached to 
them. When the four groups are the same, CA4, the atoms 
form a regular tetrahedron and the angles between the 
carbon valences are all equal, except in so far as the four X 
groups may exert forces on one another that are capable of 
disturbing this arrangement. 

Another point, for which the evidence is purely experi¬ 
mental, may be mentioned here. If we try to synthesize two 
isomeric substances with formulas so related that one can 
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be converted into the other by changes of single into mul¬ 
tiple links and vice versa, with changes of valence if neces¬ 
sary, but without either separating two previously united 
atoms, or joining two that were previously s^arate, it is 
always found that only one substance results. The classical 
example is benzene on the Kekule formula, but others 
might be quoted. This does not necessarily prove that the 
two formulas are not really distinct, but at least it shows 
that the interconversion of two such closely related struc¬ 
tures occurs so easily that under any conditions yet realized 
they are always in tautomeric equilibrium. 

The arguments applied by van ’t Ho£F to the carbon 
atom apply of course equally to all other atoms showing 
tetrahedral symmetry, and with suitable modifications 
they can be extended to those atoms that have the octahe¬ 
dral type of symmetry discovered by Werner. 

I have already discussed elsewhere® the evidence 
for the occurrence of different types of symmetry with 
various elements, and given the references up to 19x7. This 
need not be repeated in detail here, but before we sum¬ 
marize the results some more recent work should be men¬ 
tioned. 

COPPER 

Mills and Gotts had previously shown that 4-covalent 
copper in its benzoylpyruvic acid derivative gave rise to 
optical activity, and so must belong to the tetrahedral 
type. In 19x8 Wahl ® found that 6-covalent copper was of 
the octahedral type. This work is very remarkable. Wahl 
showed that when a cupric salt is treated with ethylene 
diamine, (Ene), it forms a compound [Cu(Ene)2(H20)2]X2; 
the tri[ethylenediammino] compound could not be pre¬ 
pared. The tartrate of this di[ethylenediammino] complex 
was made and resolved, and the active fractions converted 
into active iodides, so that there is no doubt about the 
asymmetry. The result is surprising, because in general cupric 
copper is unwilling to form 6-co-ordinated compounds and 

® N. V. Sidgwick, The Electronic Theory of Valency (Oxford, 1917), Chapter XIII; see 
also F. M. Jaeger, Statial Arrangements of Atomic Systems and Optical Activity^ etc. (New 
York, 1930), Part I. (George Fisher Baker Non-Resident Lectureship in Chemistry at Cor¬ 
nell University, Vol. 7). 

® Wahl, Acta Soc, Sci. Fennica, 14, i (19x8). 



6-Covaxent Nickel 


Z03 

readily stops at 4. If the structure of Wahl’s compounds 
rested on analysis alone we should not be sure that the 
water formed part of the complex cation; but as the chelate 
ring is symmetrical it is obvious that a cation Cu(Ene)2 
would be inactive, and it is only the formation of the 6-co- 
ordinated complex by means of the two water molecules that 
makes the activity possible. Further, this complex must be 
remarkably stable; if the water was even partly dissociated 
off in solution, the compound would racemize. This insta¬ 
bility is unexpected; but there is no doubt that the attach¬ 
ment of chelate groups to an atom may either increase or 
diminish its power of further co-ordination, although the 
details of this influence ha venot yet been worked out. Copper 
and arsenic are the two elements that have been shown to 
be tetrahedral when their co-ordination number is 4, and 
octahedral when it is 6. 


NICKEL 

Wahl® also obtained and resolved the corresponding 
nickel tartrate [Ni(Ene)2CH20)2]X; but he gives only 
scanty data. Recently Morgan and BurstalF have pre¬ 
pared complex salts containing co-ordinated a,a'-dipyridyl 
^ipyr) molecules; this base forms a chelate ring in the 
same way as ethylene diamine: 


/\ 



V 


V 




The tris-dipyridyl nickelous salts [Ni(Dipyr)3]X2 were 
resolved through the tartrate, and the active tartrate 
converted into the chloride, which had the very large 
molecular rotation [M] = 3536°. The active salts were 
found to be fairly stable in the solid state, but racemized 
completely in solution in one or two hours at the ordinary 

' G. T. Morgan and E. H. Burstall, J. dm. Soc.^ 1931.1113. 
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temperature. The corresponding tris-dipyridyl ferrous 
salts were resolved by Werner.® 

The evidence that the 4-covalent nickelous compounds 
can have a plane structure is discussed below (p. ziz). 

RLATINUM 

Platinum has now been shown to give active 6-covalent 
complexes. Chernyaev® has resolved the salts 
[(Ene) (NH3)PtCN02) CI2] X, [Ene) (Pyr) PtCN02)Cl2]X, 
and [CEne)(NH3)2PtCl2]X. This work is of peculiar interest 
because platinum is one of the few elements of which there 
is some reason to think that the 4-covalent compounds are 
not tetrahedral but plane. Since, further, the co-ordinated 
compounds of platinum, especially those of co-ordination 
number 6, are better known than those of any other transi¬ 
tional element, the failure to obtain any active 6-covalent 
platinum complexes seemed to be related to the peculiar 
structure of those of the lower co-ordination number. It is 
now evident that this is not so; whatever may be the 
structure of the 4-co-ordinated compounds, platinum— 
like probably all elements that give 6-co-ordination com¬ 
pounds—^has the six valences arranged in the octahedral 
form. 

We now come to the small group of elements in whose 
4-covalent compounds the four groups appear to lie in the 
same plane with the central atom. This subject has had a 
remarkable history in the last few years, and cannot be 
said to be settled even now. In igzy it seemed to be estab¬ 
lished that the plane form of the 4-covalent compounds 
was given by platinum and by telluriumto these pal¬ 
ladium was subsequently added. As the number and range 
of the elements that had been shown to have a tetrahedral 
arrangement of four covalences were increased—there are 
nojv more than a dozen—this exceptional behavior of two 
orgthree elements became more remarkable. It was then 
proved that the evidence previously accepted for tellurium 
is of no value; this element has almost certainly a tetrahe- 

* A. Wcmcr, Ber., 45, 4^ (1912.). 

* 1 . 1 . Chcmyacv, Ann. inst. Blatine^ 6, 2.3, 40 (19x8); see Chm. Abstracts^ as, 1581-83 
(13x9). 

The claim of divalent cobalt to be included seems to be very weak. 
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dral disposition. The chemical evidence for platinum and 
palladium has now been seriously challenged. Thus a year 
or so ago all the indications were that these plane formulas 
were erroneous. But since then strong evidence has been 
adduced to show that certain divalent nickel compounds 
have this plane structure, and Pauling has given reasons 
based upon wave mechanics for thinking that such an 
arrangement is possible for a limited number of elements, 
and especially for the three in question, nickel, palladium 
and platinum. The elements may be considered in order. 

TELLURIUM 

Vernon obtained two isomeric series of compounds of 
the type of Te(CH3)2l2, that gave the same values for the 
molecular weight. He assumed that they were the cis and 
the trans compounds of the plane formula, and their be¬ 
havior appeared to support this view. The conclusion was 
attacked by Lowry,who increased our knowledge of 
these compounds and incidentally showed that the diethyl 
derivatives behaved in the same way. But he brought no 
valid arguments against Vernon’s view, and had no tenable 
alternative hypothesis to propose. The overthrow of the 
theory was due to Drew.^^ He showed that of Vernon’s 
two iodides the a, the first formed, certainly has—apart 
from steric questions—the formula 're(CH3)2l2 which Ver¬ 
non assigned to it; but that the second form, |8, into which 
this is converted by heating the hydroxide, is not an 
isomer but a polymer, Te2CCHs)4l4, and is undoubtedly a 
salt. With alkalies it yields the colorless telluronium hy¬ 
droxide Te(CH3)30H, analogous to the sulphonium 
hydroxides, and it must be the salt of this base with the 
constitution [Te(CH3)3][Te(CH3)l4]. This view was con¬ 
firmed by treating the salt with potassium iodide, when the 
iodide [Te(CH3)3]I crystallizes out, and the potassium salt 
of the complex anion K[TeCCH3)l4] can be obtained from 

R. H. Vernon, /. Cbem. Sk., 117, 86, 889 (1910); I. E. Knaggs and R. H. Vemcm, 
ibidem, 119,105 (191.1); R. H. Vernon, ibidem, 119, 687 Ciji-i)- 

i» T. M. Lowry, R. R. Goldstein and F. L. Gilbert, J. Cbem. Soc., igaB, 307; Lowry 
and Gilbert, iiidem, 3179; ibidem, 2-S67. 

H. D. K. Drew, /. Chm Soc., X929, 560. 
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the mother liquor. The mechanism of the conversion of the 
a:-iodide into the j8-salt appears to be: 

o CH 

z(CH 3)2T eCOH) 2-^CCHs) 3T e—O— 

This product, on treatment with hydriodic acid, gives first 

Q_JJ 

[(CH 3 ) 3 Te]I + CH 3 —Te^ , and then CHsTels. These 

two iodides were isolated, and were found on mixture to 
give the /3-iodide of Vernon. 

This shows that the original argument for the plane 
formula of the di-iodide, which depended on the oc¬ 
currence of two isomers, is of no value; and so we have no 
reason to doubt that the 4-covalent derivatives of tellur¬ 
ium, like those of sulphur and selenium, are tetrahedral. 
The final proof would be the resolution of compounds of 
this type into optical antimers. This has recently been at¬ 
tempted, apparently with success, by Lowry and Gilbert.“ 
They prepared phenyl-j&-tol.yl-methyl telluronium i'-bromo- 
camphorsulphonate, and showed that the less soluble 
fraction exhibited mutarotation in acetone. From the 
acetone solution of this fraction potassium iodide precipi¬ 
tated the corresponding iodide, and this gave a definite 
rotation in acetone or ethyl acetate, although it racemized 
vetj rapidly, the half-life period being only a few minutes. 
This leaves little doubt that the telluronium ion in question 
is really optically active, and hence that the arrangement 
of the three groups about the tellurium atom is tetrahe¬ 
dral, as in the 3-covalent compounds of sulphur. Tellurium 
must, therefore, be transferred to the class of elements in 
which covalences of 4 or less are arranged tetrahedrally. 

PALLADIUM 

Kraus and Brodkorb“ found that the compounds 
(Pyr)2PdCl2, CC2H8NH2)2PdCl2 and (NH3)2PdCl2 all exist 
in two forms, which they stated were isomeric, since the 
forms of the first two compounds give the simple moleciilar 

T. M. Lowry and F. L. Gilbert, J. Chem. Soc,, I9a9, 0.867. 

F. Kraus and F. Brodkorb, Z. anorg. allgm. Chem.^ 165, 73 (19x7). 
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weight in phenol solution. Quite recently, however, Drew, 
Pinkard and Wardlaw^® have examined these compounds 
and shown that while one form has the simple formula, the 
other is bimolecular and is a salt of the type [Pd(NH3)4]- 
[PdCh]. This was proved by a variety of reactions, and 
especially by preparing mixed salts such as [PdCNHs)^- 
[PtCle], by double decomposition from the second form and 
K2PtCl6. They explain the molecular weights of Kraus and 
Brodkorb by the ease of transformation of the second form 
into the first. 

PLATINUM 

The earlier stages of the controversy about the 4- 
covalent compounds of platinum may be briefly described. 
Werner showed that many 4-covalent platinous compounds 
of the type Pt a2b2 occurred in two forms, which he as¬ 
sumed to be the cis and the trans isomers; 



Reihlen measured the molecular weights of the two forms 
of (NH3)2PtCl2 in liquid ammonia, the only solvent in 
which they would dissolve, and found that while the a 

f ave a simple molecular weight, that of the ^ form was 
ouble. He therefore claimed that they were not isomeric, 
and that Werner’s evidence for the plane configuration was 
worthless. Griinberg then prepared the two forms of 
(NH3)2Pt(CNS)2, and showed that both gave simple 
molecular weights. Reihlen replied that these also were not 
position isomers, but were the normal and the iso-thio- 
cyanates, which obviously was possible. Finally 
Hantzsch^® showed that the two isomeric forms of 
(Pyr)2PtCl2 were soluble in phenol and gave normal mo¬ 
lecular weights therein. This conclusion has not been 
disputed, and in default of evidence on the other side must 
be taken to establish a presumption that the 4-covalent 

“ H. D. K. Drew, F. W. Pinkard, G. H. Preston and W. Wardlaw, /. Otm. See., 193a. 
1895. 

For references see: Sidgwick, EUctrmic Theory of Vakruy (Oxford, 192.7), page 2.30- 
“ A. Hantzsdb, Ber., 59^ 1761 Ci9x6)‘ 
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platinous compounds—and probably the corresponding 
palladous compounds—^have a plane configuration. At the 
same time every fresh discovery of an element in which 
four attached groups are tetrahedrally arranged seemed to 
make these plane formulas more remarkable; Drew’s proof 
that tellurium must be removed from the list made the 
position of platinum and palladium still more exceptional, 
and his reinterpretation of Vernon’s data showed how 
much care is necessary in dealing with these problems. 

At this point Angell, Drew and Wardlaw^® brought 
forward new evidence about the 4-covalent platinous com¬ 
pounds which, while it does not destroy Werner’s hy¬ 
pothesis and Hantzsch’s confirmation of it, indicates 
that further investigation is required. They prepared the 
two known forms of the thioether addition product, 
(Et2S)2PtCl2. Both isomers are easily soluble in benzene, and 
were shown to have normal molecular weights in that 
solvent. The isomerism of the chlorides is repeated in the 
bromides and the iodides. On keeping, either in the solid 
state or in solution, or on warming, each form passes over 
into an equilibrium mixture of the two, in which the a 
predomihates with the bromides, and still more with the 
iodides. 

The striking point is that the a and forms show 
differences in behavior which certainly seem too great to be 
explained by cis-trans isomerism. The a compounds are 
insoluble in water; the ^ compounds are appreciably 
soluble and give solutions whose conductivity shows that 
the compounds are about 50 per cent ionized at V == 1000. 
Their behavior with silver oxide and water is completely 
different. The a form reacts slowly, the change taking 
several days, with the liberation of diethyl sulphide and 
the separation of platinous oxide or hydroxide. The jS 
form reacts rapidly—within xo minutes—precipitating 
silver chloride, and leaving in solution the base 
(Et2S)2Pt(OH)2: 

a: PtCSEt2)2Cl2 + xAgOH = xAgCl + tJE^S -f- Pt(OH)2 

Pt(SEt2)2Cl2 + xAgOH = xAgCl -b PtCSEt2)2COH)2 

F. G. Angeil, H. D. K. Drew aad W. Wardlaw, /. Chm. Soc.^ X930, 349. 
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This base, which retains its composition over phosphorus 
pentoxide, is deliquescent and absorbs carbon dioxicfe from 
the air. Conductivity measurements showed that its 
strength is about equal to that of ammonia (^k about 
I X With acids it gives a series of salts of the /3 series 

that pass over into their a isomers on heating. When 
treated with defect of hydrochloric acid a proportional 
amount of the 0 chloride is formed, showing that the base 
really has this formula, and is not a complex salt like the 
/3-tellurium base of Vernon. 

These properties are enough to show that the two 
isomers are functionally different, and to make it very 
improbable that they are and frans isomers. But the 
assignment of structural formulas offers great difficulties. 

For the a series there seems no reason to give up 

Et2S. yCl 

Werner’s formulation » if wc make no as- 

EtjS^ N:i 

sumptions as to the spatial distribution. This molecule 
would be non-ionized, and it might quite well lose diethyl 
sulphide when the chlorine was replaced by hydroxyl. 

The /3 compound must then be given some different 
structure, compatible with the facts that it is partially 
ionized and that when the chlorine is replaced by hydroxyl 
it gives a “half-strong base,” about as strong as ammonia. 

Drew and Wardlaw suggest that it is a sulphonium 
compound, and that the chlorine has migrated from the 
platinum to the sulphur. They write the formula: 



where the dotted lines indicate links that can be either 
ionized or covalent. This suggestion is ingenious, but it is 
open to serious objections. The first is that experience 
shows that sulphonium salts are always ionized, and never 
go over into the covalent form; in the latter the valence 
group of the sulphur atom would have lo electrons, two of 



ZIO 


Stereochemistry : Organic 


them unshared, and this does not occur with sulphur; the 
tetrachloride SCI4 has been shown by Lowry to exist only 
in the solid state and then to be probably a salt [SCl3]Cl; 
the optically active compounds of the type 

Rx\ 

>s->o 

R2^ 


would lose their activity if they were able to go over into 



and other examples might be given. The reason of this is 
that a valence group of more than eight electrons is found 
only when either: (a) all the electrons are shared; or (b) it 
can be reduced to an octet or to a fully shared group by 
counting two of the electrons as “inert,” and this inertness 
does not seem to occur in elements as light as sulphur.®^ 
Hence, if the /3-chloride and its hydroxide are sulphonium 
compounds they should be strong electrolytes, whereas the 
conciuctivity measurements show them to be only partially 
ionized, and the solubility (and molecular weight) of the 
/3-chloride in benzene shows that it is in the covalent form 
in that solvent. This objection is not necessarily final, but 
until an example of a partially dissociated sulphonium 
compound can be produced it throws great doubt on the 
formulation. 

A second objection is that the ionized form of the 
/8-series as formulated by Drew and Wardlaw is identical 
with the ion that the a-form would give if its chlorine 
atoms were ionized; this is obvious it we write the co¬ 
ordinated links after Lowry’s method: 


Et2Sv- 

EuS/ ^Cl 

ctrform 


+ 


/Cl 

Et2S\ 

EuK 


+Vt -H xCl- 

\ 

>Pt 

LEt.s/ J 

Et2S( 

^C1 

\ 

P^form 


T. M. Lpwry^ L. P. McHatton and G. G. Jones, J. Chm. Soc., 19^7, 746; T. M. 
Lowry and G. Jcssop, ibidenty X929, 141.1; thidmy 1930, 781, 1005; ibidmy 193X, 3x3. 
Sidgwick, Electronic Theory of Valency (Oxford, p. 175* 
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Hence their theory assumes that the two separate com¬ 
pounds are related as the ionized and the unionized states of 
the same substance. Now no tertain instance is known of 
two separate chemical individuals which differ only in that 
one has an electrovalent where the other has a covalent 
link. The transition from one state to the other—^which 
occurs, for example, when we dilute the solution of a weak 
electrolyte—appears to be invariably instantaneous. 
Another objection, which is of some force, is that no 
previous example is known of a x-covalent platinous com¬ 
pound of the type X—Pt—Y occurring as simple molecules 
in solution. These objections, like the first, might be over¬ 
come, but until parallel examples can be produced the 
formula suggested for the jS-compound must be regarded 
with suspicion. This does not, of course, affect the validity 
of the argument that these two forms show differences in 
physical and chemical behavior too great to be due merely 
to cis-trans isomerism. 

On the other hand, even if we agree that the thioether 
compounds afford no evidence of the plane structure, it 
does not follow that the evidence of Werner and Hantzsch 
for the plane structure of the ammine compounds of Werner 
and Hantzsch loses its value, although it certainly suggests 
that further investigation of these substances is needed.^* 

One direct piece of evidence strongly in favor of the 
plane formulas for the 4-covalent platinous and palladous 
compounds has been pointed out by LowryDickinson^* 
concluded from an X-ray examination of a series of salts 
that in K2[ZnCCN)4], KjECdCCN)^ and K2[Hg(CN)4] the 
four CN groups are arranged tetrahedrally about the central 
atom of the complex anion; but that KjpdCL], (NH4)2- 
[PdCL] and K2[PtCl4], which crystallize in a different 
system—tetragonal and not cubic—^have the palladium or 
the platinum atom lying in the same plane with the four 
chlorines. 

See also H. D. K. Drew, Pinkard, W. Wardlaw and E. G. Cox, /. Cbem. Soc., i 93 ^> 
988,1004; E. G. Cox, H. Saenger and W. Wardlaw, ihidemy 1932-, X2.i6. 

T. M. Low:^, Nature^ 1^3, 547 (192.9)- 

R. G. Dickinson, /. Am. Chem. Soc., 44, 774, 2404 (i9ix). 
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Quite recently this conclusion has been confirmed by 
Cox,^*‘ who has shown by X-ray investigation that in 
tetrammino-platinous chloride [Pt(NH3)4]Cl2,H20 the 
four nitrogen ions of the cation lie in the same plane as the 
platinum, and at the corners of a square. In view of the 
results obtained by Sugden with the nickel compounds, 
and of the theoretical conclusions of Pauling, we can 
scarcely doubt that these elements are capable of forming 
4-covalent complexes with a plane configuration. 

NICKEL 

Sugden^® has recently produced strong evidence that 
nickel also is capable of forming 4-covaIent compounds 
of the plane type. He prepared the nickelous derivative 
of benzyl-methyl-glyoxime, and showed that it occurred 
in two isomeric forms, a, melting point = 168° and j8, 
melting point = 75-77°, both of which regenerated the 
original glyoxime on treatment with hydrochloric acid. 
The formulas are: 


CsHsCHa—C—C— CH3 

CeHsCHi—C— G-CH3 

II II 

O^N N—OH 

II II 

O^N N—OH 



Ni 

Ni 

/\ 

O^N N—OH 

HO— 

CeHsCH^— (t— 1 :—CH3 

CHs—iLcHjCeHfi 


It is evident from these formulas that if the two rings 
are inclined to each other at 90°, as required by a tetra¬ 
hedral model, isomerism other than stereoisomerism is 
impossible. The compounds were found to be diamagnetic, 
as are also the nickel derivatives of dimethyl and diphenyl 
glyoxime,^® a fact of particular interest in connection with 
Pauling’s theory discussed below (on page xx6). 

^ E. G. Cox, /. Chm, 193a, 

S. StigdcQ, /. Chm. Soc,^ 193:^, 146. 

W, Kacmni, H. Jacobi and W. Tilt, Z. anorg. allgm. Chm.. zox, 1 L. Cambi 

and L. Szcgo, Ber., 64,1591 (1931). 
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The conclusions arrived at by the stereochemical 
methods o£ organic chemistry, for the elements in general 
are summarized in Table XLIII. The evidence, except in so 
far as it has been given in this chapter, will be found in the 
writer’s earlier volume. 


Table XLIII 

Stereochemistry and the Periodic Table 



A = Tetrahedral arrangement of 3 or 4 covalences. 
□ = Plane ” of 4 covalences. 

Q = Octahedral ” of 6 covalences. 


It will be seen that in their 3- and 4-covalent com¬ 
pounds thirteen elements have been shown to have a 
tetrahedral arrangement, while three—^nickel, palladium 
and platinum—apparently have a plane one. The 6-covalent 
compounds of ten elements have been examined, and in 
all of them an octahedral arrangement has been found. 
From this evidence, which is supported by all the physical 
evidence discussed later in this chapter, we may conclude 
that for covalences of 4 and less the tetrahedral form is the 
rule, although there are perhaps exceptions to it; and that 
the octahedral form is general for a covalence of 6. 

While we are still discussing the organic evidence we 
may notice certain points of interest that have recently 
arisen. 


N. V. Sidgwick, The Eketronk Theory of Valency (London, 1317), Chapter XIII. 
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TheObstacle” Theory 

A new cause of asymnietr7 has been detected through 
the examination of diphenyl derivatives. Christie and 
Kenner had shown that certain derivatives of diphenic acid 
in which the 6 and 6' positions (A and B in the formula 
below) were occupied, could be resolved into optical 



an timers.^* Further investigation showed that this resolu¬ 
tion was always possible if either 6 or 6' was occupied, 
usually with NOa or Cl; but not if both of these positions 
were unoccupied, whatever other groups might he intro¬ 
duced. As we have already seen (Chapter V, p. 184), the 
Kaufler formula, which readily explained the activity, be¬ 
came doubtful on chemical grounds, and was finally dis¬ 
placed in favor of the normal plane formula, through the 
measurement of the dipole moments. It was therefore 
necessary to account for the optical activity on the as¬ 
sumption that the line joining the attached carbon atoms 
of the two rings would pass if produced through the para 
atoms. It was suggested by Bell and Kenyon,^® and in more 
detail by Mills,®® that when both the ortho positions on one 
ring, and one on the other, were occupied by large groups 
such as CO2H or NO2, the rotation of one ring about the 
median line of the molecule would be prevented, and two 
enantiomorphic forms would be produced. The considera¬ 
tion of the dimensions of the atoms in question supported 

G. H. Christie and J. Kenner, J. Chem. Soc., lai, 614 iUdm, i»3,779 

For further references see Ingold, Annual Keporfs ... of fh Chemical Society, a3, 

1916)- 

2® F. Bell and J. Kenyon, Chemistry Industry, 4, 864 (iQiO* 

W. H. Mills, Chemistry Industry, 4, 884 ^192.6)* 



3-Covalent SuLPHtm 2.15 

this view. This seemed a very plausible explanation of the 
activity, and no other could be suggested; but it was ol^ 
viously desirable to find an analogous behavior in com¬ 
pounds whose structures were better established. This was 
done by Mills and Elliott.®^ They made the benzene- 
sulphonyl derivative of 8-nitro-i-naphthyl glycine, and 
resolved it into its active antimers. Here it is clear that the 
nitro group in the peri position interferes with the free 
rotation or the nitrogen 

CeHsSOa CH2.CO2H 


NC^N^ 



with its attached groups. The compound racemizes rather 
readily, the half-period in chloroform at 15° being 17 
minutes. The diphenyl compounds are much more stable; 
and Mills and Elliott point out that, if we assume the 
benzene rings to be regular hexagons, the distance between 
the centers of the ^m-groups in naphthalene is i .7 times as 
great as that between the centers at their nearest ^proach 
of the 6 and 6 ' positions in diphenyl. They also find that 
the ratio of the velocity constants of racemization of the 
naphthalene compound at 14.8° and 0.6° is 'k.'tj, which 
gives the heat of activation of the molecule as 18,500 
ca.lories.®® 

Asymmetry due to ^-covalent atoms 
The possibility that a trivalent atom in a molecule Xabc 
might be a center of asymmetty was suggested by van ’t 
HoiF®^ as early as 1878 in his discussion of the stereochem¬ 
istry of nitrogen, and by Werner®® for the sulphur atom in 


» 31 jj Mills and K. A. C. Elliott, /. Chem. Soc., igaS, 1x91; W. H. Mills and J. G. 

Breckcnridgc, ibidem, 19^8, 1209. 

For furtJh.er work on this subject see: Roger Adams and coworkers, JT. Am. Chem. 
Soc., 5a, 2xno, 2959, 4098, 4471, 5163 C1930); ibidem, 53, 1575, 2353, 2364, 2373, 3453, 
3519,4469(19315. . .. * t 

^ Van ’t Hoff, Ansichtm t!fher die Orgamsche Chmiie (Braunschweig, 1878). 

A. Werner, Lehrhmh der Sfereochemie (Jena, 1904), p. 317. 
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the active sulphonium compounds of Pope and Peachey. 
The occurrence of activity in compounds undoubtedly 

P-Is. 

containing 3-covalent sulphur, of the types '>8-4-0 and 
Ri 

Xs—>NR, was established by Phillips and Kenyon in 19x5 ^6 
R2/ 

and has been confirmed by much subsequent work. Re¬ 
cently evidence has been produced that 3-covalent carbon 
can behave in the same way. 

Until lately it seemed that carbon never assumed a 
covalence of less than 4, except in compounds of unusual 
instability such as triphenyl methyl; but the recognition 
that divalent carbon is really 3-covalent, with the struc¬ 
ture C^=X (Chapter V, p. 187) suggests that the co¬ 
ordinate link with carbon as acceptor, as in\c<—X, 

which involves a covalence of 3, may occur elsewhere. 
An instance of this was suggested by Kuhn and Albrecht,” 
as a result of their investigation of the active nitro- 
paraffins. From the active modification of methyl ethyl 
carbinol they prepared the active nitro-compound 
CHsv /H 

yc/ and they showed that this, on treatment 

C 2 H/ \N02 

with sodium methylate in methyl alcohol, gives a salt 
that still retains 60 per cent of the activity of the nitro¬ 
compound. This salt can be precipitated by ether, and 
on redissolving in alcohol still has 30 per cent of the 
original activity. There can be no doubt about the ioniza¬ 
tion of these salts, and if we accept Hantzsch’s formulation 

of them, or its modern equivalent 

R/ \0[M] 

Rix ,0 


or its modern equivalent 




■ 0 [M] 


, they are obviously symmetrical and 


H. Phillips, /. Chm. Soc.. ia7, i55x P. W. B. Harrison, J. Kenyon and H- 

Phillips, ibidem, X29, 1079G. Clarke, J. Kenyon and H. Phillips, ibidem^xgst,*/, 188. 
R. Kuhn and H. Albrecht, Ber,, 60, 1x97 (19x7). 
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xiy 

cannot be active. The only structure that will account for the 
asymmetry is one in which a co-ordinate link is assumed be- 

Ri\ 

tween the carbon and the nitrogen, \C<—, and 

r/ 

Kuhn and Albrecht therefore propose this formula. Their 
work has been recently confirmed by Shriner and Young,®* 
who prepared the corresponding octane derivative. Starting 
with the two active forms of octanol-z, CeHig— CH(OH)— 
CHs, they converted them through the bromides into the 
dextro and leva nitro-compounds CeHis—CH(N02)— CH3. 
The dextro form, which was the purest, had a rotation of 
15.8°. This was converted by the action of sodium ethylate, 
and also of potassium ethylate, into the salt, and when this 
salt was treated with hydrochloric acid at —10° the re¬ 
generated nitro-compound had about Z5 per cent of its orig¬ 
inal rotatory power. The leva form, after conversion into 
the salt, was treated with acid at —70°, and the nitro-com¬ 
pound so formed had 71 per cent of its original activity. 

This conclusion has recently been confirmed by W. H. 
Mills and H. Cole,®** who have succeeded for the first 
time in resolving such an aci-nitro-compound into its 
antimers. They took phenyl-cyannitro-methane CeHs-CH- 
(^CN)N02 and resolved it through the brucine salt. The 
sodium salt obtained from this gave a strongly active solu¬ 
tion; it retained its activity unchanged at the ordinary 
temperature, but lost it at once on addition of excess of 
mineral acid. 

There seems no possible doubt about these results, and 
if they are accepted, Kuhn’s formula for the ion, with a 
co-ordinated 3-covalent carbon atom as the center of 
asymmetry, affords the only explanation. 

A similar structure would seem to be necessary to ac¬ 
count for the optical activity of the aliphatic diazo- 
compounds, if this really exists. Levene,®® Noyes,and 

38 R. L. Shriner and J. H. Young, /. Am. Chem. Soc., 5a, (1930)- 

38 a W. H. Mills in The AAvcmernm of Science (London, i93x), page 41. (Presidential 
address). ^ . r 

38 P. A. Ixvcne and L. A. Mikeska, /. Biol. Chem.^ 45, 593 (19x0); ihidem, 52r, 485 

(19XX); ibidem, 55, 795 Ci 92 - 3 )- , ^ ^ ^ ^ ^ 

40 H. M. Chiles and W. A. Noyes, J. Am. Chem. Soc., 44, 1798 (19XX); F. E: Kendall and 
W. A. Noyes, ibidem, 48, X404 (i 9 xO* 
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Lindemann," with their co-workers, found separately that 
various diazo-esters when prepared from active amino acids 
retained their optical activity to a small extent ([a] from 
1° to z°). Recently, however, Weissberger and Haase 
have shown that these results are due to impuritip; it was 
found that when the diazo-compound in the active speci¬ 
men of diazosuccinic ester is converted by catalytic 
reduction into succinic ester, the activity remains un¬ 
changed, which proves that it must be due to some 
non-nitrogenous impurity that is not rendered inactive by 
the reducing agent. More recently, Weissberger and Bach^® 
have succeeded in purifying diazosuccinic ester by re¬ 
crystallization at a low temperature, and have shown that 
it is then inactive; they have also shown that the active 
impurity is diethyl ^-malate, whose boiling point lies very 
near to that of the diazo-compound. 

The evidence adduced by Ray^^ for the activity of the 
diazo-group in derivatives of camphoric acid is of very 
doubtful value. A supposed diazo-compound of high ac¬ 
tivity which he subsequently described^® he has now 
found^® to have a different constitution. 

Structure of Benzene 

The question of the structure of benzene has already 
been discussed (p. 176)'from the point of view of dipole 
moments, but there are some further problems on the stereo¬ 
chemical side which deserve consideration. 

We know from the crystal structure that in hexamethyl 
benzene all the twelve carbon atoms lie in a plane. This 
plane structure for the benzene ring is in complete agree¬ 
ment with its chemical properties. It has long been evident 
to the organic chemist that the plane formulas of the 
textbooks represent many of the peculiarities of the aro¬ 
matic com|>ounds with remarkable accuracy . The refusal of 
two substituents in the meta or para positions to join up 
into a second ring is easily understood if the attached atoms 

H. Lindcmann, A. Wolter and R. Grogcr, Ber.j 63, 70Z (1930). 

A. Weissberger and R. Haase, Ber.^ 64, z896 

A. Weissberger and H. Bach, Ber,, 65,165 

F. E. Ray, f. Am. Chm. Soc., 5a, 3004 C1930). 

F. E. Ray, J. Am, Chm, Soc,, 54,195 Ci93x); iUdm, 54, 4753 (1931). 
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lie in the plane of the ting, but not othenvise.^^ The plane 
structure for the ring and its attached atoms is also to be 
expected from the Kekule formula if we adopt the tetrahe¬ 
dral model. The angle of the regular hexagon is ixo°, and 

C=Cv 

that between the double and single links in Ns is 115°. 
Thus the valence angles in benzene are already strained by 
5°, and this strain will be increased if the ring is bent out of 
the plane. Hence, we should expect the ring to be fairly 
rigid, and the absence of polarity in its simple para- 
disubstitution products, C6H4X2, shows that it is so. 

A more difficult question is whether the six links in the 
benzene ring are alternately single and double links, as 
Kekule supposed, or are six identical links of some inter¬ 
mediate kind. The successful application to benzene of the 
Thiele theory, in which the difference between alternate 
single and double links was evened out, combined with the 
physical interpretation of the covalent link as composed of 
two shared electrons, led J. J. Thomson and others to the 
view that the peculiar properties of aromatic compounds 
are due to the presence in benzene of a peculiar link of three 
shared electrons. This suggestion, though it is not easy to 
interpret in the light of the modern wave-mechanical 
theory of the covalent link,^® has been rather widely ac¬ 
cepted. The dimensions of the aromatic C—C link, so far as 
they can be determined, are almost the exact mean between 
those of ordinary single and double links; the distance 
between the centers of two singly linked carbon atoms 
is 1.54A, that between doubly linked atoms—^from the 
crystal structure of \msaturated compounds such as stilbene 
and from the Swan bands—is 1.33A the mean of these 
being 1.44. The distance between the centers of adjacent 

It has recently been shown— L. Ruzicka, J. B. Buis and M. Stoll, Heh. Chim, Acta, 
15, izxo (i93x)-ythat the junction can be effected if the new ring is large enough; com¬ 
pounds with 16-rings attached in the tmta and -^ara positions to the benzene nucleus were 
obtained. 

Recently L. Pauling has discussed—■/. Am, Chtm. Soc., 53, 3x15 (^93^)—basis 
of wave mechanics, the conditions under which a link of three electrons can occur. He 
finds that it is possible in NO and NO2, but definitely concludes that it cannot ocoir in 
benzene. For a rmthcr discussion of the benzene problem and the “aromatic sextet,“ from 
the point of view of quantum mechanics, see E. Huckel, Z. Physik, 70, X03 (1931); ibidem, 
7 a, 309 C1931]); 76, 638 Cl932-)- See also A. Lapworth and R. Robinson, Nature, 1^9, 
X78; 130, X73 (1930.); E. and W. Hiickel, ibidem, 1^9, 973 (1932-). 
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atoms in an aromatic ring is 1.45 A from the measurements 
of naphthalene and anthracene, and i.4x from Mrs. 
Lonsdale’s results. This is compatible with either view: 
that this distance is the mean of an equal number of single 
and double links, or that it is the individual size of a link of 
an intermediate kind. Mrs. Lonsdale states*®^ that her 
results are not compatible with the presence in the benzene 
ring of alternate double and single links; but this objec¬ 
tion holds only if those links retain their position during 
the time required for an X-ray photograph. It has how¬ 
ever always been obvious that if we accept the Kekul6 
formula we must suppose that the two kinds of links 
change their positions very rapidly, in a much shorter time 
than is required to observe the positions of the atoms in the 
crystal, so that on this theory the distance found would be 
the mean of those of the two kinds of link, as in fact it is. 

Recently, evidence of an organic kind in favor of the 
Kekul6 formula has been brought forward by Mills and 
Nixon.If we assume that in a doubly bound carbon atom 
the angle a between the two single bonds is the same as in 
methane, 109.5°, then the angle j8 which the single bonds 
make with the plane of the double bonds will be one-half 
of 360°— 109.5 , or 1x5.Z5°. The presence of the double 
link will probably alter these angles to some extent, but we 
may assume that something like this considerable differ¬ 
ence of 16° still remains. In the benzene nucleus, assuming 
the Kekul6 structure and assuming that the hexagon is 
equilateral—an allowance for the difference in length of the 
two kinds of links would not appreciably affect the result— 
a further modification will occur because the internal 
angle must be izo°. This reduction will no doubt increase 
the external angles, but here again the effect will not be 
large and it is clear that the angle a, which each of the 
external valences makes with the intranuclear single bond 
on the one side of it, is less than the angle /3 which it 
makes with the plane of the double bond on the other side. 
We may assume these to have the approximate values: 

K. toiisdalc, froc, Koy. Soc. London^ Aia3, 494 (19^9); Trans. Faraday Soc.^ 
^ 5 * 35 ^ (192.9). 

4T Mills and I. G. Nixpa, /. Chm. Soc.^ 1930,1510. 
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a = 109°, ^ = iZ5°. Now the angle of a regular pentagon 
is 108° and that of a regular hexagon is izo°. We should 
therefore expect that in a compound, such as hydrindene, 
in which the benzene ring is fused with a 5-atom ring, 
the link common to the two rings would be a single bond, 
while if the fused ring contained 6 atoms, as in tetrahy- 
dronaphthalene, the common link would be a double 
bond, thus: „ u 



H2 


Hydrindene 



Tetraiydronaphtbalene 


or at least that these forms would predominate. This con¬ 
clusion can be tested by the orientation of certain substit¬ 
uents in the hydroxy-derivatives of these substances. We 
know that the replacement of a hydrogen atom of a phenol, 
either by coupling with a diazo-compound or by bromina- 
tion, is closely related to the corresponding reactions of the 
enols. Now with an enol both diazo-compounds and bro¬ 
mine react in such a way that the substituent becomes 
attached to the carbon atom that is linked to that bearing 
the hydroxyl by a double bond. We may conclude that when 
a phenol undergoes orr^o-substifution by a diazo-residue or 
by bromine, the substituent will be attached to that one of 
the two ofMo-carbon atoms which is joined to the carbon 
carrying the hydroxyl by a double bond. Experiment 
showed that both these reactions follow the course to be 
expected from the theory. With 5-hydroxyhydrindene both 
the diazo-group and bromine attach themselves to the 
carbon marked by the arrow in the following formula. 



H2 H2 

5 -Hjdroxyhydrindem zt-Tetrahydro-^-nafhthol 



zxz 
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that being the one which is doubly linked t» the hy- 
droxylic carbon on the Mills theory; while in the cor¬ 
responding tetrahydronaphthalene compound, <?r-tetrahy- 
dro-jS-naphthol, Schroeter has shown that the substituent 
enters the i-position, which again agrees with the theory. 
Bromination of the corresponding acetamido-derivatives 
gives analogous results. 

These facts afford a very strong presumption of the 
truth of the theory. The only cause, other than stereo¬ 
chemical, for the change in directive influence would be a 
direct chemical effect on the reactivity due to the replace¬ 
ment of a trimethylene by a tetramethylene group; but these 
groups are so similar chemically that we cannot suppose 
that their chemical effects would differ to this extent. 

It is obvious that if we are right in assuming alternate 
single and double links in the benzene nucleus, their posi¬ 
tions will shift very readily, and it will only be when the 
substituents cause a marked difference of stability between 
the two forms that these positions of the links are fixed; 
otherwise the behavior of the compound will be in this re¬ 
spect tautomeric. This is illustrated by a recent paper of 
Levine and Cole,^® who examined the decomposition 
products formed when <?-xylene is treated with ozone. If we 
accept the usual formulation of this reaction, the two forms 
of o-xylene should give different products, thus: 



CHO-CHO + 

2 CH3-CO-CHO 


2 CHO-CHO + 
CH3-CO-CO-CH3 


G, Schroetcr, Ann., 426, 83 

** A. A. Levine and A, G. Cole, /. Am. Chm. Soc., 54, 338 
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These authors were able to isolate, as such or in the form 
of derivatives, all the three possible products: glyoxal, 
methyl glyoxal, and dimethyl glyoxal or diacetyl. Hence 
it would seem that o-xylene occurs in both modifications. 
Mills and Nixon point out that it has been found that 
when <?r-o-xylenol couples with diazotized aniline the 
substituent goes 83 per cent in the 5-position and only 17 
per cent in the 3-position,®° thus: 


CHa CHs 



Ss ier cent xy fer cent 


II. Physical Evidence 

So far we have considered what can be learned about 
molecular configuration from organic chemistry. As we 
have seen in the preceding chapters, there have been de¬ 
veloped in the last few years a whole series of independent 
physical methods which throw light on this question. 
With X-rays and with electron rays we can determine the 
configuration of molecules in the solid and the vapor 
state, and measure the distances between their component 
atoms; from the infra-red spectra—observed either directly, 
or through the fine structure of the visible and ultra¬ 
violet bands—or by means of the Raman effect, or by a 
combination of these methods, we can discover the number 
and magnitude of the moments of inertia of the molecule, 
and hence again the configuration and the interatomic dis¬ 
tances; finally, from the electrical dipole moments we can 
learn much about the nature of the links, and the inclina¬ 
tion of the valences to one another. These methods are 
not more certain than those of organic chemistry, but they 
are far more widely applicable, the information that they 
give us is more detailed, and the variety of the methods 

E. DicpoldcTj, 4a, (1905). 
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enables us to check our results. We may now consider the 
general conclusions which emerge from these investigations 

As regards the types of arrangement of the valences of a 
polyvalent atom, the whole evidence goes to show that 
with a 4-covalent atom it is almost always tetrahedral, and 
with a 6-covalent atom it is invariably, so far as we know 
octahedral. This, as we have just seen, is the general con¬ 
clusion reached by the classical methods of stereochem¬ 
istry. It is also supported by an immense mass of physical 
data. We may take the 6-covalent compounds first as they 
offer the simplest problem. The evidence here, apart from 
that of organic chemistry, is wholly derived from the in¬ 
vestigation of crystal structure. This has shown, wherever 
it has been applied, that in a molecule or ion of the t3rpe 
ABe the six B groups are arranged around A at the points of 
an octahedron. This is found with such diverse types of 
molecules as the anions XCIe and the cations M^NHa^e and 
M(0H2)6. We have no reason to suppose that any other 
arrangement occurs. 

When we come to atoms with covalences of four or less, 
we have the converging testimony of a whole series of 
physical methods, which show that except for a few ele¬ 
ments to be considered later, the arrangement is always 
tetrahedral. Among molecules of the type AB4, in which 
the four B atoms are attached by single links, this is estab¬ 
lished by the crystal structure measurements for a large 
number of ions MO4, such as those of the vanadates, 
perchlorates and permanganates, as well as for such ions as 
[2n(CN)4] and [Hg(CN)4] ; the dipole moments, the 

band spectra, and the scattering of X-rays and electron 
rays by the vapor, all agree in assigning the same structure 
to the tetrachlorides of elements of the fourth group. When 
the central atom forms multiple links, the configuration is 
again that to be expected from van ’t Hoff’s model. In ABs, 
if one of the links is double and the other two single, the 

0\ O. 

molecule is plane, asin_ ')>C ==0 and \N== 0 ; if they are 

0/ o. 

all single, it is pyramidal, as in NHg and ^ 1 —> 0 . In 

O'^ 
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AB2, if both links are double (0=0=0, Ni=0=±N) or if 
one is triple and the other single (H—C^N, H—C^C—H) 
the molecule is rectilinear; but with a double and a single 

link, as in or two single links, as in ^ 

is triangular. ^ 

In Table XLIV a series of examples are collected, and 
the nature of the evidence in each case is indicated‘ X-ray’ ’ 

Table XLIV 

Molecular Configurations 

Molecule Evidence 

Tetrahedral 

Spectrum, Moment 
Spectrum, X-ray, Electron, 
Moment 

Electron, Moment 
Electron 

Electron, Moment 
Electron, Moment 
Crystal structure 
Crystal structure 
Crystal structure 
Crystal structure 
Crystal structure 
Crystal structure 

Plane 


[C03]-- 

Crystal structure 

[N03]- 

Crystal structure 
Pyramidal 

NH3 

Spectrum, Moment 

PHa, AsHa 

Moment 

pels, AsClg, SbCla 

Moment 

[CIO3]- 

Crystal structure 
Triangular 

H2O, HsS 

Spectrum, Moment 

SOs 

Spectrum, Moment 

Rectilinear 

CO2, CS2 

Spectrum, X-ray, 
Moment 

HC^ 

Spectrum 

H-C^H 

Spectrum 

N2O 

Spectrum, Moment 

[N±=Ni±N]- 

Crystal structure 


CH4 

CCI4 

SiCl 4 

GeCl4 

TiCl 4 

SnCl4 

[ZnCCN)4]~“ 

tdCCN)4]“-’“ 

[HgCCN) 4 ]— 

[VO4]- 

[CIO4]- 

Mn04]- 
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and “electron” refer to the scattering experiments in the 
vapor, “crystal structure” to the X-ray measurements on 
the solid, and “moment” to the electrical dipole moments. 

The only exceptions among the compounds of 4-co- 
valent elements are those of divalent nickel, palladium 
and platinum, of which the &st and last appear to be plane 
from the stereochemical evidence, and the last two from 
that of the crystal structure. This is of particular in¬ 
terest in view of the results of Pauling’s recent applica¬ 
tion of wave mechanics to the problem of stereochem¬ 
istry.®^ Pauling has developed the method of Heitler 
and London, which is the interpretation in terms of wave 
mechanics of Lewis’ conception of the covalent link as con¬ 
sisting of a pair of shared electrons. The conclusions at 
which he arrived are essentially these: The normal arrange¬ 
ment of six covalences is octahedral, and that of four is 
tetrahedral. But to this latter statement there is an im¬ 
portant exception. The linking electrons in a normal 4- 
covalent atom are those of the first two subgroups of the 
octet.®* But in the transitional elements they are drawn, 
at least in part, from the electronic group next to the outer¬ 
most group, and this contains electrons of all three sub¬ 
groups s, p, and d. If the linking electrons occupy d levels, 
Pauling finds that a plane configuration with the four 
valences at right angles is possible. The compounds of 
divalent nickel, palladium and platinum are precisely those 
in which we should expect this arrangement to occur. A 
further point follows from the theory, which gives us a 
way of testing the conclusion experimentally. The electrons 
of the d levels are concerned in producing the magnetic 
moment of the atom, but they cannot do this when they 
are acting as shared electrons. The formation of this plane 
configuration will therefore involve a definite decrease of 
the (para) magnetic moment: in nickel this will become 
zero. As we have seen, Sugden has tested the magnetism 

L* Piling, J. Am. Chtm. Soc., 53, 1367 Ci 930 - 

It will be remembered that the electrons or an octet arc divided into two subgroups 
of % and 6 ; those of an 18 group into three subgroups of x, 6, and lo. The values of the 
second quantum numbers for these subgroups arc = i,x,3 or / =* o, i, x. The spectroscopic 
designations of the three arc s, p, and respectively. 
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of his nickel compounds and found them to be diamagnetic, 
which is a strong confirmation of the truth of the theory. 

A further conclusion of Pauling’s for normal atoms is 
that while for a covalence of four the arrangement in AB4 
is that of a regular tetrahedron with valence angles of 
109.5°, is modified when the covalence is reduced to 
three or two, and the angles then become 90°. The quanti¬ 
tative determination of valence angles has not yet been 
sufficiently developed to enable us to test this conclusion 
experimentally. 

On the theoretical side the details of Pauling’s theory 
should be received with a certain reserve, pending further 
confirmation. Wave mechanics gives us the complete 
equations for a single atom, but in order to get at those for 
a molecule, that is to attack the problem of covalence, we 
have to proceed by approximation. The method of doing 
so was pointed out by Hund,®® who showed that we can 
regard a molecule as an intermediate stage in passing from 
two atoms to a single atom having the same number of 
positive and negative charges; for example, the hydrogen 
molecule is intermediate between two separate hydrogen 
atoms and a helium atom, thus: 

+ © ® 

© 

H -h H H2 He 

We can therefore approach the problem of the molecule 
from two sides: either from that of the two separate 
atoms, or from that of the single atom produced by their 
coalescence. Heitler and London adopted and developed 
the former method, from the two atoms, Pauling has 
developed it still further. Hund®* has recently been ap¬ 
proaching the problem from the other side, by considering 
the effect of a division of the nucleus. With either method 
the process is the same: to begin by considering small 
changes and calculating the perturbations thereby pro¬ 
duced, and then to extrapolate the results for the distance 

F. Himd, Z. Elehrochm., 34, 437 • 

84 Hund, Z. Physik, 73, 5^5 74, 4^9 
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between the nuclei in the molecule. It is obvious that if 
they are correctly applied the two methods must agree, 
and either must give the correct result. The difficulty is 
that the calculations of the perturbations involves approxi¬ 
mations, and the extrapolation is rather large. Where the 
two methods, starting at either end, give the same result, 
we may accept it as true; but if they disagree, either or both 
may be wrong and further investigation is required. 

On the general question of the existence of a resonance 
effect between two atoms which is the basis of Heitler’s 
and London’s theory of the covalent link, the two methods 
agree, and there is no reason for doubt. The resulting idea 
of two electrons from the two atoms forming a link by 
virtue of this effect, that is, of the Lewis mechanism of 
covalence, follows directly and is equally beyond doubt. 
But when we come to the directions of the several valences, 
that is, to the stereochemical questions that we are now 
considering, the position is not so certain. Pauling’s con¬ 
clusions undoubtedly follow from the method of Heitler 
and London; but Hund has shown that if we start from the 
other end, with the big atom, any value can be obtained for 
the valence angle from o° to i8o°. This does not prove that 
Pauling’s conclusions are wrong—the error may lie in 
Hund’s calculations—but it does show that they should 
be accepted with reserve until further work has detected 
where the error in the one or the other of the methods lies. 
Meanwhile any confirmation from the experimental side, 
such as that which Sugden’s nickel compounds have pro¬ 
vided, is of great value. 

All the atoms considered so far have contained at least 
an octet of valence electrons. There does not seem to be 
any reason to assume that the same valence angles must 
occur with an atom which has less than eight valence 
electrons; but our knowledge of the stereochemistry of 
such atoms is very scanty. 

With the co-ordinated hydrogen atom we have no 
evidence at all as to the size of the valence angle, unless it 
may be said that the ready replacement of such an atom in 
chelate compounds, for example in the ;8-diketones, by 
atoms of heavy metals suggests that this causes no great 
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difference in the strain, and that therefore the valence angle 
of the hydrogen must be large—say i8o°—to make up for 
the difference of diameter. This argument, however, is of 
little value; it is true that the diameter of the ordinary 
i-covalent hydrogen atom is 0.75A and those of many of 
the metals which replace it from 3 to 4 A, but if the co¬ 
ordinated hydrogen atom really has four shared electrons— 
a view which the quantum physicists have not yet accepted 
—its diameter may be expected to be thereby increased; the 
diameter of the negative hydrogen ion, H”, is L.yA. 

For other elements the evidence is at present slight, 
largely on account of the properties of the compounds 
which might be expected to supply it. These are necessarily 
confined almost entirely to the covalent compounds of 
elements in the second and third periodic groups. Further, 
the crystal structure of, for example, the halides and the 
oxides of these elements are of little value from this point 
of view, owing to the great probability that in these com- 

? ounds the valence octet is completed by co-ordination. 

he volatile compounds of this type are usually imstable, 
and have been but little investigated. The few relevant 
facts which are known all appear to be compatible with 
the view that when the octet is incomplete, three valences 
lie in a plane and two in a straight line. The dipole mo¬ 
ment of boron trichloride was found to be zero in ben¬ 
zene,®® and o.xi (which may be taken to mean that it 
is non-polar) in carbon tetrachloride.®® If the molecule 
were pyramidal, with a tetrahedral angle of 109.5°, 
moment would be equal to that of a single B—Cl link; on 
the Pauling theory of a right'angle it would be somewhat 
larger. As we have seen, the moment of a link is usually 
greater the further apart are the periodic groups from 
which the atoms come, so that we should expect a pyram¬ 
idal BCI3 molecule to have a moment greater than that 
of the C—Cl link, which is 1.7. The practically complete 
absence of moment suggests that the BCI3 molecule is 
plane. Again, the moment of mercury diphenyl and, which 

H. Ulich and W. Ncspital, 2 . ^Uhrochem,^ 37, 559 (1931)- Th^ also found bt^Uium 
cWoiidc and bromide to be non-polar, but, as they admit, the solutions were too dilute for 
the results to be of value. 

E. Bergman and L. Engel, Physik. Z.^ 3a, 507 (1931). 
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'is more conclusive, that of mercury di-^-chlorophenyl, 
have been found ” to be less than 0.4, which indicates that 
the two valences of the mercury are in one straight line. 

The crystal structure of dimethyl thallium iodide, 
[(CH3)2T1]I has been examined by Powell,®® and the re¬ 
sults indicate that the C—Tl—C atoms lie in a straight line. 
The nature of this compound, and the great stability of 
the dialkyl thallium radical, which is like that of the 
mercury dialkyls, make it unlikely that the valence group 
of the thallium is completed by co-ordination. 

Thus the evidence, so far as it goes, suggests a plane 
structure for the 3-covalent and a rectilinear for the z- 
covalent compounds of atoms with “incomplete octets.” 

Having seen what conclusions can be reached as to the 
general types of configuration of the molecules formed by 
various kinds of atoms, the next point is to consider how 
far these types can be modified by the particular conditions 
of the molecule, and how far the relative positions and 
distances of the atoms in a molecule are rigidly determined. 
We may distinguish modifying influences of four dif¬ 
ferent kinds. 

We first have the possibility of the rotation of atoms 
with their attached groups round the line of a single link, 
which leads to the existence of flexible molecules, already 
discussed in Chapter V (page 156). This rotation involves 
no change either of the valence angles or of the interatomic 
distances; its extent is determined by the opposing in¬ 
fluences of the attraction or repulsion of the dipoles, and 
the thermal agitation. At the ordinary temperature the 
distance at which the dipole attraction is equal to the 
thermal efi’ect is lA for two very small moments of o.x, 
as in C—H; it is 3A for average moments of i.o; and 7A for 
exceptionally large moments of 4.0. Practically, this means 
that the rotation will be restrained and the position deter¬ 
mined by two dipoles of average moment if they are 
separated by less than the diameter of two atoms (other 
than hydrogen), but that the rotation will be free and all 
possible positions equally favored if the distance is much 

L. E. Sutton and G. C. Hampson, unpublished results. 

H. M. Powell and Miss D. H. Crowfoot, ISfafure, X30, 131 (1932.), 
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greater than this. The influence of this factor is of special 
importance when we are considering the relation between 
the shape of an organic molecule and its reactivity. 

The second possible modification is that of the inter¬ 
atomic distances. Here, as we saw in Chapter III, the 
variations are much smaller than has been generally 
recognized. The change of state from solid to gas has little 
effect;®® as we pass from single to double and triple links 
we find a steady contraction, but this we can allow for; 
and if we do so, we can get values of the effective atomic 
radii which will enable us to calculate the interatomic dis¬ 
tances in covalent molecules with an error that seldom 
exceeds o.iA. 

The third modification is that of the valence angles. 
This is less easy to determine, and so our data are far less 
numerous than for the distances. There is however, definite 
evidence that the angles are more subject to variation 
than the distances. This is shown clearly by the Raman 
spectra.®® With a polyatomic molecule we get Raman lines 
due to the vibration of atoms in the line of the valence, 
which gives us the restoring force for change of length of 
the link—the “stretching constant”—and others due to 
changes in the distance between two atoms linked to a 
common atom but not to each other, i.e. to changes in the 
valence angle—the “bending constant.” Thus a series of 
alkyl derivatives all give two lines obviously depending 
on the oscillations of the CH2 groups; one of these has a 
frequency of about 3000 cm~^, and must be due to the 
stretching of the link, since it occurs whenever the mole¬ 
cule has a C—H group; the other line, with a frequency 
of about 1400 cm“^, must be due to the bending of the C—H 
valences, since it is found only when the molecule has CH2 
groups: 



la solid salts the ionic attraction may in extreme cases considerably lengthen a 
covalent link. The N—O distance in the nitrate ion is found to be 1,15 A in sodium nitrate 
and 1.40 A. in lithium nitrate, owing to the stronger attraction of the smaller ion. This is 
what Goldschmidt has called “contrapolarization.” 

See D. H, Andrews, /. hd. Eng. Ckm., as, 1137 (1931). 
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Since the masses of the atoms concerned in both of these 
are the same the restoring force is proportional to the 
square of the frequency, so that for the C—H link the 
force which resists stretching is greater than that which 
resists bending, in the ratio 3000V1400* = 4.6. 

From the spectral data we can calculate the average 
displacement which such a hydrogen atom would suffer on 
collision with another molecule, if the collision took 
place (i) in the direction of the link, and (z) across it. For 
(i) involving a compression of the link, the force constant, 
/, for C—H is 4.6X10® dynes per centimeter. For (x): the 
bending, it is i.o in the same units. At X5° the thermal 
energy of a molecule is 4.08X10“^* ergs. If we call the dis¬ 
tance through which the hydrogen atom is moved on 
collision X, the force which the colliding molecule exerts 
is 4 .o8Xio“^V-*' this must be equal to fXx. Hence: 

4.08 X io~^^ ^ Qj. ^2 ^ 4.08 X io~ ’-^ 

hence: for stretching constant 4.6X10®, x = 0.03oA, and 
for bending constant i.oXio®, x = 0.064A. This is, of 
course, calculated on the incorrect assumption that the 
transfer of energy is continuous. As a fact it can only occur 
in quanta; and the first vibrational stretching quantum cor¬ 
responds to a half-amplitude of 0.08 A. Thus at X5° only a 
s ma ll proportion of the collisions will lead to this amount 
of compression. Since the deformation is proportional to 
the square root of the thermal energy, it follows that the 
temperature at which the average molecule will have 
enough thermal energy to communicate one quantum 
of vibrational energy to the hydrogen atom will be 
(0.08/0.03)*“ X 300°Abs = i86o°C. 

, Another cause of modification of the valence angles is 
the mutual repulsion of atoms that are not linked, which 
occurs whether they are in different molecules or in differ¬ 
ent parts of the same molecule. The interatomic distances 
we have considered in Chapter III are those between linked 
atoms; when the atoms are not linked, the distances are 
much greater. In the crystalline state there is abundant 
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evidence that we can only account for the whole space 
occupied by the molecule if, after we have built up the 
molecular model by means of the ‘ ‘ internal” radii deduced 
from the lengths of the links, we put round it an outer 
layer or envelope, which is not much less than one ang¬ 
strom thick. For example, in solid benzene hexachloride®^ 
the minimum distance between the nuclei of two chlorine 
atoms belonging to different molecules is 3.74 A. This 
gives an external radius for chlorine of 1.87, and if we sub¬ 
tract the internal radius of 0.97, we are left with an en¬ 
velope 0.90 A thick. So too Hendricks has shown®^ that in 
a whole series of solid organic compounds the nearest 
approach of two carbon atoms of different molecules is 
between 3.6 A and 3.9 A, the internal diameter of carbon 
being 1.54 and that of hydrogen 0.75 A. In graphite the 
distance between the separate flat sheets, each of which is 
really a giant molecule, is 3.41 A. These distances are due 
essentially to the electrostatic repulsions of the electrons, 
whose magnetic moments are already paired within the 
molecule. This force will gradually increase as the atoms 
approach one another, until it balances the van der Waals 
attraction, which is due to polarization and resonance. 

In the gaseous or liquid state we should expect the dis¬ 
tances to be smaller, since the molecules have greater free¬ 
dom of motion. Accordingly we find that the “collision 
radii”, calculated from the viscosities of gases, indicate an 
envelope—an excess of the radius so calculated over its 
value in a link—of the order of half an angstrom. The most 
striking evidence is that of the distances between the 
chlorine atoms in the chlorination products of methane, 
as measured by the scattering of X-rays by the vapor.®® 
The results show that the Cl—Cl increases from z.99 ± 
0.03A in carbon tetrachloride to 3.Z3 ± o.i in methylene 
chloride. It follows that in the latter the atomic repulsion 
is sufficient to separate the chlorine atoms, against the 
resistance which the valences offer to bending, to a distance 

S* B. Hendricks, J. Am, Cbm, Soc,^ 48. 3007 

S. B. Hendricks, Cbem. Reviews, 1930, No. 4. 

Sec Tabic XXI, page 89. 
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of 3-1 A, which involves an external radius of i.6 or an 
envelope of 0.6 A. This is an example of that tendency of 
two large atoms or groups attached to a central atom to 
separate as the other groups on the same atom become 
smaller, which is commonly known as the Thorpe-Ingold 
effect; and though the q^uantitative form which Ingold 
gave to it cannot be maintained, there is no doubt that 
qualitatively the effect is a real one.®^ It is evident that the 
cause is to be found in the mutual repulsion of the atoms. 

^ C. K. Ingold, /. Chm. Soc., 119, 305 (19x1). W. Huckcl, Fortschritte Chem^, Physik, 
physik. Chtm., 19, Hft. 4 (1917). Ingold and J. F. Thorpe, /. Chm. Soc.^ i 9 ^®» 1318. 
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